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SUMMARY 
 Carbon-fibre reinforced polymer (CFRP) laminates are widely used in various 
engineering applications, such as in race cars and aircrafts, because they are light, stiff and 
strong. They commonly contain stress raisers in the form of holes and notches (for 
mechanical joining methods, routing of pipes and cables etc.) and are also often subjected to 
complex combined multi-axial stress conditions during service. Yet their notched multi-axial 
fracture behaviour remains largely unexplored. This is the main contribution of the thesis. 
 First, a novel loading fixture for applying a wide range of in-plane loading modes is 
developed based on the popular Arcan’s method. Termed the ‘modified Arcan rig’, it utilises 
friction gripping to transfer loads into tabbed specimens. This loading fixture is used to test 
centre-notched multi-directional CFRP laminates under different combinations of tension and 
shear stresses. Together with penetrant-enhanced X-ray CT and laminate de-ply, the fracture 
behaviour of quasi-isotropic CFRP specimens is investigated for the following loading 
modes: pure tension, pure compression, in-plane shear, and combined tension and shear. Two 
notch geometries (sharp notch and circular hole) are investigated to allow for an assessment 
of the role of stress concentration upon strength and damage development to be performed. 
Three distinct fracture modes are observed in a tensile/compressive-shear stress space 
(termed Mechanism A, Mechanism B and Mechanism C). It is observed that quasi-isotropic 
specimens with a central sharp notch are consistently stronger than equivalent specimens with 
a central circular hole (for all stress states investigated). An underlying micromechanical 
explanation concerning the effects of damage upon strength is proposed.  
Second, a finite element (FE) model is developed using the commercial FE program, 
Abaqus FEA to simulate the observed progressive damage and failure in the quasi-isotropic 
specimens. The FE model employs independent material property data as inputs. Overall, 
good correlation between the simulations and the experiments is obtained, validating the FE 
strategy. The capabilities of the model are extended to predict the notched fracture behaviour 
of the specimens under combined compression and shear loading, for which experimental 
work has not been done by the author, but for which literature data exists. 
 Finally, the effect of laminate lay-up upon the notched multi-axial fracture behaviour 
of the CFRP specimens is explored by considering a 0° ply-dominated lay-up, a ±45° ply-
dominated lay-up and a cross-ply lay-up, alongside the quasi-isotropic lay-up. Experiments 
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reveal that all lay-ups exhibit Mechanisms A, B and C. However, the extent of damage in 
each Mechanism as well as the regime in which each Mechanism operates in (in the failure 
envelopes) strongly depend on the lay-up of the specimen. As expected, the tensile strengths 
and compressive strengths increase with the proportion of 0° plies. Surprisingly, the shear 
strengths do not scale with the proportion of ±45° plies; the specimen geometry and material 
orthotropy are attributed as reasons for this. In contrast to the case of the quasi-isotropic lay-
up, the extent of subcritical damage induced by the circular hole is not always lower than that 
induced by the sharp notch for the other lay-ups. The difference in the extent of damage 
between both notch geometries is reflected in the notched strengths of the lay-up in question. 
These experimental observations are adequately predicted by the FE strategy, which further 
validates it as a reliable predictive tool for composite fracture. 
 
 
 
  
iv 
 
ACKNOWLEDGEMENTS 
 Since embarking on my journey as a graduate student in October 2011, I have 
confronted an astonishing trail of obstacles that has helped me grow in my academic, 
professional and personal capacity. If there is one thing I’ve learnt from my pursuit of a PhD, 
it is that a person’s education extends far beyond the boundaries of their research topic. I 
have many people to thank for being providers of said education throughout my time at 
Cambridge; they are the giants whose shoulders I stand on. 
 Firstly, to my supervisor, Prof. Norman Fleck, for whom I have immense respect. I 
thank him for the interactions that have been as formative to my character as the PhD itself. 
He challenged me intellectually and taught me toughness (no pun intended). As one of the 
most generous people I know, I will forever be grateful to him for giving me the 
metamorphic opportunity to be his student at Cambridge. From him, I’ve learnt so much and 
his influence on my life will surely be seen for the rest of my career. 
 I owe a debt of gratitude to Prof. Vikram Deshpande, my PhD advisor and occasional 
co-supervisor. His inspiring wisdom is only overshadowed by his kindness, which 
encouraged me in difficult times. I thank the technical staff who assisted me in this project: 
Alan Heaver, Simon Marshall, Len Howlett and Anne Bahnweg. Alan, in particular, has been 
extraordinary. Always thoughtful and caring, he was like a father figure to me in the lab. 
 I would also like to acknowledge the financial support of my corporate sponsor, 
Mitsubishi Heavy Industries (MHI) in Japan as well as the partial financial support of the 
Cambridge Commonwealth Trust. My professional correspondence, particularly with Dr. 
Kouji Esaki and Mr. Masahiro Kashiwagi of MHI has been invaluable to my project, and I 
am grateful for being able to have worked with them. 
 My colleagues at the Centre of Micromechanics have made my time here both 
productive and incredibly enjoyable. Not only has their company contributed to my personal 
and intellectual development, but their diversity has been one of the greatest gifts of this 
entire journey. I would like to especially thank Karthick, Ben and Raj, for being unselfish 
with dispensing sage advice on lessons I might have had to learn the hard way. Also, thank 
you to Julia for reminding me of the value of keeping things in perspective, Harika for 
inspiring me with her brilliance, and Lizbeth for energising me with her spirit.  
v 
 
 I have been fortunate enough to be blessed with the friendships of many other people 
outside of work, from the graduate community of Clare College to fellow Malaysian students 
at Cambridge. Their companionship has made this foreign land feel like home, and their 
support has been instrumental in me maintaining my sanity in the most challenging of hours. 
In particular, I would like to acknowledge Jasper and Teresa, two of my closest friends who 
have helped me overcome many challenges throughout my PhD, academic and personal 
alike. 
 Finally, this thesis is dedicated to my parents, Patrick Tan Long Yong and Lien Ching 
Yeen as well as to my brother, Jesper Tan, for being the unwavering pillars of my life. I am 
nothing without their love, and every accomplishment I achieve, I do it for them. For they are 
the single most important thing in my life, along with my faith in God. 
 
 
 
  
vi 
 
CONTENTS 
Page 
Chapter 1. INTRODUCTION ……………………………………………………………1 
Chapter 2. LITERATURE REVIEW …………………………………………………….5 
 2.1 Introduction 
 2.2 Fracture Mechanisms in Notched CFRP Laminates 
  2.2.1 Tension 
  2.2.2 Compression 
  2.2.3 In-plane Shear 
  2.2.4 Combined Loading 
  2.2.5 Concluding Remarks 
 2.3 Test Methods for Shear Loading and for Combined Loading 
  2.3.1 Shear Loading 
  2.3.2 Combined Loading 
  2.3.3 Concluding Remarks 
 2.4 Visualisation and Measurement of Damage in Composite Materials 
  2.4.1 X-ray Radiography 
  2.4.2 Ultrasonic Inspection 
  2.4.3 Microscopy 
  2.4.4 Penetrant Enhanced De-ply 
  2.4.5 Thermography 
  2.4.6 Full-field Visual Assessment 
  2.4.7 X-ray Computed Tomography (CT) 
  2.4.8 Concluding Remarks 
 2.5 Predicting the Fracture Behaviour of Notched CFRP 
  2.5.1 Early Models 
  2.5.2 Failure Criteria 
  2.5.3 Damage Constitutive Modelling 
  2.5.4 Finite Element Analysis 
  2.5.5 Micro-scale, Meso-scale and Multi-scale Approaches 
  2.5.6 Simulating Tensile Failure 
vii 
 
  2.5.7 Simulating Compressive Failure 
  2.5.8 Simulating Shear Failure 
  2.5.9 Simulating Failure from Combined Loading 
  2.5.10 Concluding Remarks 
 2.6 Stress Concentration and Lay-up Effects in CFRP 
  2.6.1 Effect of Notch Size and Shape on Fracture Behaviour 
  2.6.2 Lay-up Effects 
  2.6.3 Concluding Remarks 
 2.7 Overall Conclusions 
Chapter 3. FRACTURE BEHAVIOUR OF NOTCHED CFRP LAMINATES UNDER 
MULTI-AXIAL LOADING ………………………………………………..41 
 3.1 Introduction 
 3.2 Experimental Procedure 
  3.2.1 Specimen Manufacture 
  3.2.2 Loading Method: Modified Arcan Rig 
   3.2.2.1 Design and Manufacture 
   3.2.2.2 Mechanism of Loading 
   3.2.2.3 Validity of the Modified Arcan Rig 
  3.2.3 Damage Visualisation 
   3.2.3.1 Penetrant-enhanced X-ray CT 
   3.2.3.2 Microscopic Inspection of the De-plied Laminate 
 3.3 Results 
  3.3.1 Failure Envelope 
  3.3.2 Damage and Failure Mechanisms 
   3.3.2.1 Mechanism A (φ equals 0°) 
   3.3.2.2 Mechanism A (φ equals 15°) 
   3.3.2.3 Mechanism B 
   3.3.2.4 Mechanism C 
  3.3.3 The Effect of Stress Concentration 
  3.3.4 Evolution of Damage 
   3.3.4.1 Splits in 0° Plies (Mechanism A) 
   3.3.4.2 Microbuckling in -45° Plies (Mechanism B) 
   3.3.4.3 Microbuckling in 0° Plies (Mechanism C) 
viii 
 
 3.4 Discussion 
 3.5 Conclusions 
Chapter 4. FINITE ELEMENT MODELLING OF NOTCHED CFRP UNDER MULTI-
AXIAL LOADING ………………………………………………………...75 
 4.1 Introduction 
 4.2 Finite Element Model 
  4.2.1 Description of FE Model 
  4.2.2 Brief Description of the Constitutive Model for Each Composite Ply 
  4.2.3 Cohesive Law for the Interface between Plies 
 4.3 Results 
  4.3.1 Failure Envelopes 
  4.3.2 Damage and Failure Mechanisms 
   4.3.2.1 Mechanism A (φ equals 0°) 
   4.3.2.2 Mechanism A (φ equals 15°) 
   4.3.2.3 Mechanism B 
   4.3.2.4 Mechanism C 
   4.3.2.5 Delamination 
   4.3.2.6 Additional Remarks 
 4.4 Discussion 
4.5 Conclusions 
Chapter 5. THE EFFECT OF LAMINATE LAY-UP ON THE NOTCHED FRACTURE 
BEHAVIOUR OF CFRP …………………………………………………109 
 5.1 Introduction 
 5.2 Methods 
  5.2.1 Experimental Procedure 
  5.2.2 Finite Element Model 
 5.3 Experimental Results 
  5.3.1 Failure Envelopes 
  5.3.2 Notched Strengths and Notch Sensitivities 
  5.3.3 Damage and Failure Mechanisms 
   5.3.3.1 Mechanism A 
   5.3.3.2 Mechanism B 
   5.3.3.3 Mechanism C 
ix 
 
   5.3.3.4 The Effect of Notch Geometry on Damage 
 5.4 Numerical Results 
  5.4.1 Failure Envelopes 
  5.4.2 Notched Strengths and Notch Sensitivities 
  5.4.3 Damage and Failure Mechanisms 
   5.4.3.1 Mechanism A 
   5.4.3.2 Mechanism B 
   5.4.3.3 Mechanism C 
   5.4.3.4 Additional Remarks 
 5.5 Discussion 
 5.6 Conclusions 
Chapter 6. CONCLUSIONS ……………………………………………………........149 
 6.1 Experimental Investigations of QI 
 6.2 FE Modelling of QI 
 6.3 Lay-up Effects 
 6.4 Future Work 
REFERENCES 
  
 1 
 
Chapter 1 
INTRODUCTION 
A composite material is a mixture of two or more constituent materials, commonly 
consisting of a continuous matrix in which reinforcing filler has been embedded. Carbon-
fibre reinforced polymer (CFRP) laminates constitute an important class of composite 
materials. They consist of individual layers of high-modulus, high-strength carbon fibres in a 
thermoplastic or thermoset matrix. The individual layers that make up the laminates are 
known as laminae or plies and are generally orthotropic or transversely isotropic, with the 
laminate then exhibiting anisotropic, orthotropic or quasi-isotropic behaviour depending on 
its stacking sequence. 
CFRP laminates are used in a wide range of products and industries. From tennis 
racquets and fishing rods to race cars and aeroplanes, they have become increasingly popular 
in almost every field associated with high performance. Their popularity is due to the fact that 
when compared to many other engineering materials, they offer superior stiffness and 
strength at a relatively low density.  
As can be seen in the Ashby plots of Figure 1.1, composites and more specifically, 
CFRP lie close to the top left corner of both charts: they have a high specific stiffness and a 
high specific strength. This attractive combination of stiffness, strength and low mass has 
seen CFRP laminates experience steady growth and increased market penetration in 
industries such as construction, renewable energy and transportation. 
According to Jahn & Witten (2013), approximately 65,000 tonnes of CFRP materials 
(valued at between $10.3 billion to $14.6 billion) were sold in various market segments in 
2012 globally. And by 2020, analysts forecast that the global demand for CFRP materials will 
more than triple to 208,000 tonnes (see Figure 1.2 below). 
Overall, the aerospace industry continues to be one of the largest consumers of CFRP 
composites (Aerospace & Defence accounted for approximately 40% of the value of total 
global carbon fibre sales in 2012). The use of composites significantly diminishes fuel costs 
and maintenance costs as well as the breakeven period of aircrafts. High durability is also 
achieved with composites as they exhibit strong corrosion and fatigue resistance.  
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Fig. 1.1. Ashby plots of (a) Young’s modulus and density, and (b) strength and density for a range of 
engineering materials. Adapted from University of Cambridge (2002). 
 
Fig. 1.2. Global demand for CFRP in tonnes from 2008 to 2020 (*estimated). Adapted from Jahn & Witten 
(2013). 
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The recent Boeing 787 Dreamliner, the world’s first major airliner to use composite 
materials as the primary material in its airframe (pictured in Figure 1.3), is testimony to the 
relevance, importance and potential of CFRP composites in the aerospace industry. In fact, 
the work conducted for this thesis on CFRP laminates was largely funded by Mitsubishi 
Heavy Industries (MHI) as part of their project to improve the design and supply of the main 
wing structure of the Boeing 787 Dreamliner. 
 
Fig. 1.3. The first All Nippon Airways Boeing 787 Dreamliner JA801A OKJ landing at Okayama Airport 
(All_Nippon_Airways_Boeing_787-8_Dreamliner_JA801A_OKJ.jpg: Spaceaero2, 2011). 
Over the past 40 years, the micro-mechanics of damage and failure in composite 
laminates has been an extensively-researched topic. The growth of damage in a laminate 
under remote loading is known to affect the mechanical performance of the material and 
ultimately, the structure. Therefore, a better understanding of the damage and failure 
mechanisms is crucial to improve composite laminate design. 
The fracture behaviour of CFRP laminates containing a stress concentrator is of 
particular importance. CFRP laminates commonly fail from stress concentrators such as holes 
and notches. Such stress raisers are needed for mechanical joining methods (bolts and rivets), 
for access holes, for routing of pipes and cables, etc. It is recognised that subcritical damage 
evolves from these stress raisers under increasing remote load, until an instability occurs and 
catastrophic failure ensues. Therefore, it is important to understand their effects on the 
general fracture response of the composite. 
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Awerbuch & Madhukar (1985) compiled one of the first reviews on the notched 
tensile strength of composite laminates. Since then, many researchers have devoted 
considerable attention to investigating the fracture mechanics of notched laminates under 
uniaxial loading. For example, Kortschot & Beaumont (1990a) and more recently, Green, 
Wisnom & Hallett (2007) have considered the tensile loading case, whereas Soutis, Curtis & 
Fleck (1993) and Moran, Liu & Shih (1995) have investigated the compressive loading case. 
In contrast, there is a notable lack of research into the fracture of notched CFRP laminates 
under in-plane shear and under combined loading. This is surprising given the significance of 
these types of loading modes in many practical applications of composite laminates. Practical 
difficulties in performing these tests are probably the main explanation for this gap in the 
literature. 
This thesis contributes towards addressing this gap in our knowledge. The work 
developed in this dissertation studies the damage evolution and fracture behaviour of notched 
CFRP laminates under combinations of tension and shear. Multi-directional laminates were 
investigated, with the quasi-isotropic lay-up given primary focus due to its prevalence in 
practical applications.  
One of the objectives of this research project was to establish a method for subjecting 
notched coupon specimens under a range of combined tension and shear loading, including 
in-plane shear. A novel test method in the form of a modified Arcan rig was developed to 
apply multi-axial loading in order to achieve this. Coupled with X-ray computed tomography 
(CT), the ply-by-ply (and inter-ply) damage mechanisms were identified for different 
combinations of tension and shear. Specimens with two different stress raisers (i.e.: sharp 
notch and circular hole) were tested to examine the effect of stress concentration upon 
fracture behaviour. The experimental findings provided valuable insights to assist in 
developing a predictive tool for the progressive damage and failure of CFRP laminates. A 
Finite Element (FE) model was constructed in Abaqus FEA, with the plies being modelled as 
Hashin damage elements and the interfaces as cohesive elements. The model was used to 
predict experimental results such as failure strengths, subcritical damage modes, failure 
mechanisms and failure envelopes in a tensile/compressive-shear stress space. The aim was 
to test the reliability and accuracy of the approach. The effect of lay-up upon failure 
mechanism was also investigated, both experimentally and numerically. 
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Chapter 2 
LITERATURE REVIEW 
2.1 Introduction  
 CFRP laminates, despite still being viewed by some as cutting-edge technology, have 
actually long existed as an engineering material. The study of their mechanical properties, 
fracture behaviour and response to stress raisers began almost half a century ago. 
Considerable experimental research has been done to investigate the damage mechanisms in 
CFRP laminates when subjected to different types of loading, including tension, compression, 
impact and fatigue. A better understanding of the damage mechanisms will assist in 
improving composite laminate designs. This chapter begins by reviewing our current state of 
knowledge on the damage and failure mechanisms in notched CFRP laminates.  
 There exist numerous experimental means of applying in-plane shear and combined 
loading to specimens. Despite this, there have been very few attempts to investigate the 
fracture mechanisms in notched CFRP laminates under combined tension and shear, and in-
plane shear. The main reason for this is the difficulty associated with testing, in particular to 
achieve specimen failure within the gauge section. A broad range of in-plane shear methods 
and combined loading methods are reviewed below. 
 A key aspect of investigating the micromechanics of damage and failure is the 
visualisation of these mechanisms. Many techniques, both non-destructive and destructive, 
in-situ and ex-situ, have been developed to enable the identification and measurement of 
damage. These techniques are reported, and their advantages and disadvantages are also 
assessed in this chapter. 
  Integral to experimental investigations is the development of reliable and accurate 
predictive tools. This is important because experiments incur high costs. With the rapid 
improvements in computational capability in recent times, simple models have evolved into 
more complex simulations such as finite element (FE) implementations of progressive failure 
analysis. Different strategies for modelling the fracture behaviour of composite laminates are 
reviewed in this chapter.  
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 The intricate architecture of fibre-reinforced composites results in complex fracture 
behaviours that are influenced by a variety of factors, such as the lay-up of the composite 
laminate and the type of stress concentration. The choice of lay-up has a major influence on 
the degree of anisotropy of laminates. The effect of stress concentration is also important 
because notches and holes exist in practical applications of laminates such as from 
mechanical joining methods. The final part of this chapter reports on the available literature 
in this area. 
 The purpose of this chapter is not to provide an exhaustive list of all the aspects 
outlined above. Rather, it is structured to identify the gaps in our existing knowledge on the 
subject as well as to provide a rationale for our approach to the problem at hand. 
 
2.2 Fracture Mechanisms in Notched CFRP Laminates 
  The fracture mechanisms occurring within CFRP laminates can be analysed on the 
microscopic level and on the macroscopic level. On the microscopic level, damage zones 
may exhibit fibre breakage, fibre pull-out, matrix micro-cracking, fibre-matrix interfacial 
failure, matrix serrations and/or cleavage etc. On the macroscopic level, damage may 
manifest as intra-ply splits (i.e. matrix cracking along the fibre direction in individual plies), 
inter-ply delamination, fibre failure etc. The damage mechanisms and failure sequence that 
develop in a CFRP laminate are strongly influenced by laminate configuration, material 
system, loading function and environmental conditions (Awerbuch & Madhukar, 1985). The 
fracture mechanisms of notched CFRP laminates as a function of monotonic loading modes 
are now reviewed. 
2.2.1 Tension 
 Investigations into the tensile damage mechanics of CFRP laminates have been 
extensive. For example, Awerbuch & Madhukar (1985) compiled a comprehensive review on 
the notched tensile behaviour of composite laminates. Generally, three main forms of damage 
can be identified in all laminated composites that are subjected to tensile loading:  
(1) splitting or matrix cracking along the fibre directions;  
(2) delamination; and 
(3) fibre tensile failure. 
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Prior to ultimate failure, splitting and delamination are commonly observed in a wide range 
of lay-ups and material systems (Bishop, 1985; Lagace, 1986; Kortschot & Beaumont, 1990a; 
Wang et al., 2004; O’Higgins et al., 2008; Hallett et al., 2009; Scott et al., 2011; Sket et al., 
2012). Notched specimens have also shown some fibre fractures besides matrix shear 
cracking and delamination (Garg, 1986; Carlsson et al., 1989, Xu et al., 2014). These 
subcritical damage mechanisms are clearly visible in the recent CT-scanning images taken by 
Xu et al. (2014) – see Figure 2.1. 
 
Fig. 2.1. Typical CT-scanning images of a notched quasi-isotropic CFRP specimen loaded to 95% tensile failure 
load. Reproduced with permission from Xu et al. (2014). 
It is well-known that this local damage creation, mainly in the form of matrix splitting 
and delamination, plays an important role in reducing the local stress concentration. The 0° 
splits reduce the stress concentrations at the notch tips in the 0° plies by redistributing the 
stress away from the notch, and thereby delay the onset of fibre tensile fracture. This crack-
blunting effect strengthens the tensile specimen and accounts for the observation that the 
tensile strength of the notched laminate does not scale in inverse proportion to the stress 
concentration factor (Bishop, 1985; Carlsson et al., 1989; Hallett et al., 2009). Kortschot & 
Beaumont (1990a) noted that the tensile strength of notched specimens increased with 
increasing 0° split length, regardless of lay-up and specimen geometry. This confirmed that a 
measure of subcritical damage plays a central role in determining the notched tensile strength 
of a laminate. 
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According to Chow et al. (1990), the damage sequence in a CFRP laminate can be 
broadly divided into four stages: 
 Stage 1: undamaged stage 
 Stage 2: initial damage propagation 
 Stage 3: damage propagation 
 Stage 4: unsteady damage propagation 
Stages 2 and 3 constitute the steady damage propagation stage, which is the stage where 
subcritical damage initiates and evolves prior to ultimate failure. The evolution of tensile 
damage during this stage is well-documented in the literature. A consistent damage sequence 
appears across a wide range of sources. Generally, splits are first observed in the regions of 
highest stress in plies where fibres are the most disoriented with respect to the loading axis 
(e.g. 90° plies), and then in the more aligned layers (e.g. 0° plies). As loading increases, these 
cracks multiply and increase in length, which result in the development of delamination and 
interconnected damage, until the load-bearing fibres eventually fracture. Fibre failure, fibre 
pull-out and delamination are common features of ultimate tensile failure (Garg, 1986; 
Carlsson et al., 1989; Eriksson & Aronsson, 1990; Kortschot & Beaumont, 1990a; Bathias, 
1991; Xiao & Bathias, 1994; O’Higgins et al., 2008; Hallett et al., 2009; Sket et al., 2012; Xu 
et al., 2014). Hallett et al. (2009) reported that three distinct mechanisms of tensile failure can 
be characterised in notched CFRP specimens depending on scaling regime and specimen 
dimensions. They termed these three mechanisms as “pull-out”, “brittle” and “delamination”: 
see Figure 2.2. Fundamentally however, all three mechanisms involve varying proportions of 
fibre failure, fibre pull-out and delamination. 
 
Fig. 2.2. Three distinct mechanisms of tensile failure observed by Hallett et al. (2009), depending on scaling 
regime and specimen dimension. Reproduced from Hallett et al. (2009). 
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2.2.2 Compression 
 An extensive literature also exists on the compressive fracture behaviour of fibre-
reinforced composites. Fleck (1997) compiled a comprehensive review on the main 
mechanisms of compressive failure in composites. Six competing mechanisms were 
identified: elastic microbuckling, plastic microbuckling, fibre crushing, splitting of the 
matrix, buckle delamination of surface layers and shear band formation. Most of these 
mechanisms are dictated by matrix properties, which explain why the longitudinal 
compressive strength of composites is usually relatively low (Fleck, 1997). Of all the 
mechanisms of compressive failure in composites, plastic microbuckling is the most common 
(Fleck, 1997; Soutis et al., 1993; Sivashanker et al., 1996). 
 The process of plastic microbuckling in compressively-loaded unidirectional CFRP 
laminates is well-documented by researchers such as Moran et al. (1995) and Fleck (1997). 
Its features are as follows. The initial mechanical response is linear elastic. Under increasing 
remote compressive stress, the matrix ahead of the notch begins to shear plastically along the 
fibre direction. This causes a non-linearity in the response – the point at which Moran et al. 
(1995) termed as “incipient kinking”. Maximum load is attained shortly after incipient 
kinking as the fibres rotate and contribute to the geometric softening of the material within 
the narrow band. At a certain point, the fibre rotation becomes unstable and the fibres rapidly 
rotate to a critical angle where they lock up. The kink band then spreads into the rest of the 
material through a steady-state process termed ‘band broadening’. It is reported that the stress 
associated with band broadening can be considered a material property as it is insensitive to 
critical parameters such as fibre misalignment and geometric imperfections (Moran et al., 
1995). Sivashanker et al. (1996) attempted to measure the value of this parameter using strain 
gauges. The initiation and propagation of plastic microbuckling in unidirectional fibre 
reinforced composites is succinctly illustrated in Figure 2.3. 
Soutis et al. (1993) observed that in plastic microbuckling, fibres break at two points 
to create a kink band that is typically inclined at an angle β equals 5°-20° to the horizontal 
axis. The length of the broken fibre and hence the microbuckle width is usually 8-10 fibre 
diameters. A schematic representation of the fibre microbuckling mode (together with the 
parameters that define it) is shown in Figure 2.4. 
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Fig. 2.3. Overall load-end shortening behaviour of unidirectional fibre composite compressed in the fibre 
direction when kinking occurs. Adapted from Moran et al. (1995). 
 
Fig. 2.4. A schematic showing the geometry of the microbuckling mode. β is the kink band inclination angle, w 
is the microbuckle width or the length of the broken fibre. Adapted from Soutis et al. (1993). 
 11 
 
The micromechanics of plastic microbuckling were also studied extensively, see the 
review by Fleck (1997). In brief, fibre misalignment and matrix shear strength were identified 
by Argon (1972) and Budiansky (1983) as the main factors that control microbuckling and 
hence dictate the compressive strength of fibre composites. Ignoring bending resistance of the 
fibres (Fleck et al. (1995) later on showed that this was acceptable because the bending 
stiffness of fibres is small), Argon (1972) showed that the critical compressive stress 𝜎𝑐 can 
be approximated by 𝜎𝑐 = 𝑘/?̅?, for a rigid-perfectly plastic composite, where k is the shear 
yield stress of the matrix and ?̅? is the initial fibre misalignment angle. Budiansky (1983) 
extended this formula to elastic-perfectly plastic composites: 𝜎𝑐 = 𝑘/(𝛾𝑦 + ?̅?) where 
additionally, 𝛾𝑦 is the matrix yield strain. These formulae can be used to form the basis of 
kinking theory. More complex extensions for specific material configurations are outlined by 
Fleck (1997). 
Compressive failure in multi-directional laminates is also governed by microbuckling 
of the 0° plies (Soutis et al., 1993). Off-axis plies in multi-directional laminates have been 
reported to influence the microbuckling direction and growth (Soutis, 1994). X-ray 
radiography reveals that 0° fibre microbuckling, delamination (between the off-axis plies and 
the load-bearing 0° plies) and matrix splitting initiate at notch tips at approximately 80% of 
the failure load. The damage grows stably under increasing remote load to a length of 2-3mm 
before becoming unstable and propagating catastrophically across the width of the notched 
specimen (Soutis et al., 1993; Soutis, 1994). These damage modes reduce the stress 
concentration at the edge of the hole/notch and delay the onset of final failure (Soutis, 1994). 
Macroscopically, multi-directional laminate specimens under monotonic compression have 
been reported to exhibit an elastic mechanical response despite the growth of subcritical 
damage (Bathias, 1991). 
2.2.3 In-plane Shear 
Despite in-plane shear failures being a prominent mode of failure in many aircraft 
parts (e.g. wing skins, bolted joints and spar webs), experimental investigations into the 
damage and failure mechanisms of notched CFRP laminates in shear have been limited, and 
even in coupon testing, have caused much confusion (Herakovich & Bergner Jr., 1980; 
Purslow, 1988). Purslow (1981, 1983 & 1988) was one of the first researchers to investigate 
the characteristic features of shear failures in CFRP laminates. However, his approach was 
mainly through a series of fractographic inspections of the failure surfaces in shear. As such, 
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only the appearance of matrix failures on the microscopic level was visually investigated and 
characterised. He noted that shear failures are most likely to initiate as tensile fractures in the 
matrix especially when stress raisers exist in the laminate (Purslow, 1981; Purslow 1983). 
Broughton et al. (1990) considered the simple unidirectional lay-up under remote in-
plane shear. They found that when double-edge notched unidirectional specimens were 
loaded in transverse shear (i.e. transverse to the fibres, but still in-plane shear), axial splitting 
in the 0° plies initiated at the notch roots and extended along the fibres which relieved the 
local stress concentrations. A damage zone of short interfacial cracks and fibre bending 
appeared shortly after that, propagating towards the centre of the specimen. Ultimate failure 
ensued when inter-ply delamination occurred at the centre of the specimen. When the same 
unidirectional laminate was sheared along the 0° fibres, failure was catastrophic with matrix 
cracks extending parallel to the fibres and across the gauge section of the specimen. Jelf & 
Fleck (1994) similarly noted that unidirectional tubular specimens under pure torsion failed 
through splitting along the fibre direction. 
Further studies into the in-plane shear failure of notched composites were done by 
Hollmann (1991a & 1991b). Hollmann (1991a) analysed the shear failure of edge-notched 
multi-directional composites using the standard Iosipescu and double rail shear fixtures along 
with X-ray radiography. Indeterminate modes of damage in what can be assumed to be the 
45° and 90° plies were seen to grow from the notch root into the tensile loaded region of the 
specimen, whereas damage in the -45° plies grew into the compression loaded side. 
Delamination was also a prominent feature. Hollmann (1991b) observed similar damage 
modes when a CFRP spar web containing an off-centre semi-symmetric cut-out was loaded 
in shear. The beam exhibited both matrix tensile and fibre compressive failure propagating 
from the edge of the cut-out in the +45° and -45° plies, respectively. The 0° and 90° plies 
exhibited matrix splitting. Hollmann (1991b) could not determine the critical failure mode in 
the beam. However, the tensile damage in the +45° plies was assumed to be the critical 
failure mode as it was more extensive. The remote shear failure stress was found to be 
strongly dependent on the proportion of ±45° plies (Hollmann, 1991a). This behaviour is not 
surprising since it was noted that ±45° plies carry most of the shear load.  
Anand et al. (1994) endeavoured to investigate the failure mechanisms in woven 
carbon-carbon composites under both interlaminar and in-plane shear loading. However, the 
subcritical damage evolution in their study could not be observed or be convincingly 
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identified. This was because optical microscopy was employed for damage visualisation. 
Similarly, Vogler & Kyriakides (1999) and Totry et al. (2010) attempted to assess the 
progressive development of damage in CFRP laminates under shear using fractography and 
optical microscopy, respectively. Only the damage on the surface of these specimens could 
be observed and thus complete characterisation of shear damage could not properly be 
achieved. 
Therefore, there is a clear gap in the literature for the systematic and complete 
characterisation of progressive shear damage and failure in notched CFRP laminates, much in 
the same way that literature on the tensile and compressive fracture mechanisms have already 
addressed. 
2.2.4 Combined Loading 
 The fracture mechanisms of a limited range of CFRP laminates under combined 
compression and shear has been well characterised. Jelf & Fleck (1994) identified plastic 
microbuckling as the failure mechanism in unidirectional composite tubes loaded in 
combined compression and shear. A single microbuckled band was seen to develop on a helix 
(helix angle ≈ 10-15°) around the gauge section of the tubular specimen prior to failure. The 
microbuckle was arrested after propagating around one circumference of the tube by the 
formation of an axial split between the start and end of the helical band. While the addition of 
torsion or shear to the specimen under compression did not alter the failure mechanism, the 
axial compressive strength decreased linearly to zero as the shear stress parallel to the fibres 
increased to the shear strength. Edgren et al. (2006) noted a similar mechanism in quasi-
isotropic non-crimp fabric (NCF) laminates under axial compression and shear: kink bands 
were responsible for failure. Combined transverse compression and shear has also been 
investigated: Vogler & Kyriakides (1999) studied the surface fracture of unidirectional CFRP 
loaded in combined transverse compression and shear through matrix fractography and noted 
cusps when shear was significant. 
 Few studies have addressed the characterisation of intra-ply and inter-ply damage in 
CFRP composites under combined tension and shear. Wu (1968) tested unidirectional 
fibreglass with central cracks in combined tension and shear to ascertain if fracture 
mechanics is applicable to orthotropic laminates, but did not attempt to investigate the 
damage progression. Francis et al. (1979) restricted their attention to first ply failure in 
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tubular CFRP specimens subjected to axial tension and torsion. They found that first ply 
failure was always by matrix shear or matrix tensile failure. They did not examine further 
damage development. Gilchrist & Svensson (1995) only concentrated on the fractographic 
characteristics of delamination in multidirectional laminates under combined tension and 
shear. Fibre pull-out was seen to be a major feature when tension was dominant and cusps 
were the major feature when shear was dominant. Hoecker et al. (1995) performed a range of 
transverse tensile and shear tests on CFRP to investigate fibre/matrix bond quality. 
 Preliminary attempts to characterise damage and failure in notched CFRP laminates 
under combined tension and shear was conducted by Gning et al. (2010) and Laffan et al. 
(2013). However, in Gning et al. (2010), the damage and failure mechanisms were observed 
through visual inspection only and in Laffan et al. (2013), only fractography of the fracture 
surfaces was employed. As such, the complete characterisation of damage evolution in fibre 
composites for the case of combined tension and shear remains to be addressed. 
2.2.5 Concluding Remarks 
 In summary, the fracture mechanisms of notched CFRP laminates are well-
documented for tension and compression. Equivalent work for shear and combined tension 
and shear is lacking. This dissertation endeavours to rigorously identify the dominant fracture 
mechanisms in notched multi-directional CFRP laminates under a range of combined tension 
and shear loading, including in-plane shear. 
 
2.3 Test Methods for Shear Loading and for Combined Loading 
The method to apply tensile loading is straightforward. It commonly involves the use 
of wedge grips/friction grips and a tensile-testing machine that is either hand-driven 
(Kortschot & Beaumont, 1990a; Scott et al., 2011) or automated (Hallett et al., 2009; Xu et 
al., 2014) to transfer tensile stresses into the specimen. The method to apply compressive 
loading is somewhat more complex. It involves a similar set-up to tensile loading but with 
additional anti-buckling guides to prevent macrobuckling (Soutis et al., 1993). In contrast, 
techniques to apply shear loading and combined loading are not straightforward. 
A means of loading centre-notched multi-directional CFRP laminates in shear and in 
combined tension and shear is developed in this thesis. Accordingly, a review of the available 
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methods for shear loading and combined loading is presented below to aid test method 
development. 
2.3.1 Shear Loading 
 Various types of shear testing apparatus have been developed for fibre laminates. 
Most of these shear methods are designed to achieve a state of pure shear stress in the gauge 
section of the test specimen (although, this is not always achievable due to factors such as 
laminate lay-up and specimen orthotropy). This is because they have been predominantly 
used to measure the material properties (e.g. interlaminar shear strength and in-plane shear 
strength) of both unidirectional and multi-directional fibre composites (Anand et al., 1994).  
 The Iosipescu shear test is perhaps the most widely-used shear method. First 
developed by Walrath & Adams (1983), the Iosipescu loading fixture applies two 
counteracting force couples to a double V-notched coupon specimen, one on each side of the 
notch (see Figure 2.5). Induced moments cancel each other out and a state of pure shear stress 
is produced at the mid-plane of the specimen. It is known that the shear stress distribution is 
not uniform in this entire region and so ideally, correction factors should be used when 
measuring the moduli (Zhou et al., 1995). The average applied shear stress τ is defined by 
𝜏 = 𝑃/𝑤𝑡, where P is the measured force, w is the distance between the two notches and t is 
the thickness of the specimen. Typically, the notches in the Iosipescu test specimen have an 
angle of 90° with a depth of 20% of the laminate width. Lee & Munro (1986) rated the 
Iosipescu shear test as the best shear method overall. It is capable of achieving a state of 
uniform shear stress in a small gauge section of the specimen, as well as requires only a 
simple flat specimen that does not need to be end-tabbed for loading (Swanson et al., 1985). 
Numerous modifications of the Iosipescu shear test have been introduced to achieve a more 
uniform stress distribution in the gauge section of the specimen (Pierron & Vautrin, 1997; 
Melin & Neumeister, 2006). The Iosipescu method has been employed primarily to measure 
material properties such as shear stiffness and strength (Swanson et al., 1985; Zhou et al., 
1995; Pierron & Vautrin, 1997). 
The torsion tube test is a shear test method involving a hollow tubular specimen 
subjected to axial torsion. According to Anand et al. (1994), it is the only test that can 
measure true interlaminar shear properties because the material is subjected to a state of pure 
shear stress. Consequently, it has been used to validate results from the Iosipescu shear test 
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(Swanson et al., 1985; Broughton et al., 1990). However, the torsion tube test does have a 
few disadvantages. Firstly, it requires a special apparatus to apply torsion. Second, a tubular 
specimen is generally more difficult and expensive to produce from fibre composites 
compared to a flat specimen. 
 
Fig. 2.5. The Iosipescu loading fixture. Modified from Zhou et al. (1995). 
The double-rail shear test is another technique to load specimens in shear. Like the 
Iosipescu shear test, it also requires double V-notched coupon specimens. A schematic 
diagram of the double-rail shear test configuration is shown in Figure 2.6 (a). Its mechanism 
of loading bears some similarities to that of the Iosipescu shear test. Two counteracting forces 
whose line of loading passes through the centre of the specimen are applied. This causes the 
induced moments to cancel out and produce a state of shear stress in the middle of the 
specimen. The average in-plane shear stress is defined in the same way as in the Iosipescu 
test and hence, neglects the effect of the stress concentration at the notches (Totry et al., 
2010).  
The direct shear set-up creates a state of shear stress in a specimen by applying a 
relative shear displacement across the specimen free surfaces through two L-shaped adapters 
that at the same time, constrain the overall rotation of the specimen (see Figure 2.6 (b)). This 
creates pure shear within a narrow section of the specimen. In the direct shear set-up, 
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specimens do not require a notch. This eliminates the stress concentrations and premature 
failure produced by the notches even before the specimen fails under a state of simple shear 
(Anand et al., 1994). 
 
Fig. 2.6. (a) The double-rail shear test. Modified from Hollmann (1991a). (b) The direct shear set-up. Adapted 
from Anand et al. (1994). 
2.3.2 Combined Loading 
 The prevalence of complex combined multi-axial stress conditions in structural 
systems such as aircrafts and automobiles has immensely motivated the development of 
controlled multi-axial and biaxial loading tests. According to Chen & Matthews (1993), two 
main types of specimens are used for combined loading tests: tubular and flat plate 
specimens. Chen & Matthews (1993) reviewed these tests for fibre composites and 
summarised them as: 
(1) Axial loading and internal pressure on tubular specimens (Guess & Gerstle, 1977; 
Soden et al., 1978; Owen & Rice, 1981; Swanson & Nelson, 1986)  
(2) Axial loading and torsion on tubular specimens (Lawrence, 1980; Krempl & 
Niu,1982; Jelf & Fleck, 1994) 
(3) Biaxial loading applied to the arms of flat cruciform specimens (Bert et al. 1969; 
Daniel, 1980; Daniel, 1982; Doong et al., 1992; Périé et al., 2002) 
(4) Biaxial bending moments on plate specimens (Tsangarakis & Pepi, 1990) 
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The advantage of testing tubular specimens under biaxial loading is that they yield 
accurate experimental results. However, preparation costs, end effects and the influence of 
hydraulic oil (for generating internal pressure) are some concerns that need to be accounted 
for in testing. Flat cruciform specimens involve a simple set-up and yield convenient-to-
interpret results. They can also overcome ‘edge effects’ by the manufacture of a central notch 
or edge notches, or by reducing the thickness of the gauge section (which would of course 
increase preparation costs). Plate bending has not been used extensively in literature but it is 
still one potential technique to subject test specimens to a biaxial stress field (Chen & 
Matthews, 1993). 
Thom (1998) compiled a comprehensive review of the different techniques for biaxial 
loading. Five specimen configurations were outlined: the off-axis specimen, crossbeam, flat 
plate, circular specimen and thin-walled tube/tubular specimen. The off-axis specimen is a 
flat plate specimen with a misalignment angle between the loading axis and fibre orientation. 
The stress state is biaxial when transformed along the axes of orthotropy. Since the plane 
stresses are related to each other by the transformation tensor, they cannot be varied 
independently. Additionally, off-axis specimens often require a high aspect ratio to prevent 
the formation of moments by orthotropy.  
The crossbeam specimen is a type of cruciform specimen. It is a flat laminate with 
four equally spaced-apart arms/beams that is often mounted on a twin assembly (see Figure 
2.7). A biaxial stress state is induced in the middle of the specimen by bending the 
arms/beams. Shear can be introduced by changing the fibre orientation in the laminate. 
The flat plate specimen is a rectangular laminate specimen that is loaded in-plane at 
all four edges through linkage grips. Shear stresses are introduced by altering the fibre 
orientation. This configuration is generally accepted for notched specimens. 
The circular specimen was first introduced by Arcan, Hashin and Voloshin (1978). 
Commonly known as Arcan’s method, the unique configuration is shown in Figure 2.8. By 
applying loads at different angles α, a range of biaxial stress states can be applied to the test 
section of the specimen. Referring to Figure 2.8, α = 0° corresponds to pure shear loading. If 
𝑃α is the applied load at loading angle α, then the average traction on the gauge section 𝜎α 
equals to 
𝑃α
𝐴𝑡𝑒𝑠𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
, where 𝐴𝑡𝑒𝑠𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 is the area at the narrowest spot of the test section. 
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The normal traction on the test section is 𝜎𝑥 = 𝜎α sin α and the shear component is 𝜏𝑥𝑦 =
𝜎α cos α. 
 
Fig. 2.7. The crossbeam specimen. Modified from Thom (1998). 
Finally, the thin-walled tube or hollow tubular specimen was outlined by Thom 
(1998) as being the most versatile specimen as all three plane stresses can be varied 
independently through axial loading, internal pressure and simple torsion. The advantages 
and disadvantages of this specimen configuration have already been discussed earlier in this 
sub-section. 
Combined tension and shear loading, which is the focus of this dissertation, has been 
successfully applied to test specimens in literature via a range of loading techniques. The 
circular specimen/Arcan’s method is perhaps the most popular technique. Devillers et al. 
(2003) designed an Arcan device to apply combined tension and shear loading on butterfly-
shaped specimens to determine the interface characteristics of glass/epoxy laminates. Gning 
et al. (2010) used the same Arcan device to load glass/epoxy in pure shear and combined 
tension and shear loadings in order to investigate the behaviour of the laminate material. 
Doyoyo & Mohr (2003) developed an enhanced Arcan apparatus to subject aluminium 
honeycomb to combined normal and shear out-of-plane loading so that the microstructural 
response (failure modes and failure envelope) could be determined. Their enhanced Arcan 
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apparatus more accurately measured the applied forces through the use of an additional load 
cell. 
 
Fig. 2.8. The circular/Arcan specimen. Adapted from Thom (1998). 
Modifications of the circular specimen/Arcan’s method have also been utilised in 
investigations that require the implementation of combined tension and shear loading. 
Rikards (2000) used the compact tension shear (CTS) specimen, an adaptation of Arcan’s 
method to study the interlaminar fracture toughness of glass/epoxy laminates. Broughton et 
al. (1990) developed their own method of applying combined loading by integrating the 
Arcan method into the Iosipescu shear test. They devised a novel in-plane biaxial loading 
fixture capable of testing Iosipescu specimens in a full range of mixed-mode loading 
conditions, including transverse tension and shear. 
Other standard test methods such as mixed-mode bending (MMB) (Gilchrist & 
Svensson, 1995) have also been used to impose a combination of tensile and shear stresses to 
test specimens. Hoecker et al. (1995) used a tension/compression and torsion (T/CT) testing 
machine to load hoop filament-wound tube specimens in transverse tensile and in-plane shear 
so that the effects of fibre/matrix bond quality could be investigated. Ayatollahi & Torabi 
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(2011) employed the V-notched Brazilian disc test (similar to the centrally cracked Brazilian 
disc test) to apply combined tensile-shear on polycrystalline graphite so that the fracture load 
and fracture initiation angle could be measured. As a final example of combined tension and 
shear testing, Wisnom et al. (1996) designed a unique test which allows interlaminar tensile 
and shear stresses to be applied in combination. It involved applying three-point bending on a 
curved unidirectional specimen. Shear stresses are induced in the curved sections as a result 
of the 3-point bending. The ratio of tensile to shear stress is dictated by the length of the 
specimen. 
2.3.3 Concluding Remarks 
 It is clear that numerous methods for loading test specimens in pure shear and 
combined loading exist. To address the objectives of this thesis, the Arcan method/circular 
specimen has been chosen. To the author’s knowledge, the Arcan method has not been used 
previously to apply in-plane loads on centre-notched multi-directional CFRP laminate 
coupons to investigate damage evolution. 
 
2.4 Visualisation and Measurement of Damage in Composite 
Materials 
 Composite materials exhibit a wide range of damage and failure mechanisms due to 
their intricate micro-architecture. The ability to characterise and quantify these mechanisms is 
essential, not only for surveilling operations in in-service structures, but also for improving 
our understanding on the topic through scientific research. Scott & Scala (1982) compiled an 
early review on the non-destructive testing of fibre-reinforced composite materials. In that 
review, the capabilities of non-destructive techniques such as X-ray radiography, ultrasonic 
inspection, holography, thermography, acoustic emission etc. were discussed. A condensed 
review is now given of both non-destructive and destructive, in-situ and ex-situ methods to 
observe damage. 
2.4.1 X-ray Radiography 
 Perhaps the most widely-used technique to visualise damage in composite materials is 
X-ray radiography. It has proven over the decades to be very popular amongst researchers of 
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CFRP laminates (Garg, 1986; Kortschot & Beaumont, 1990a; Hollmann, 1991a; Spearing & 
Beaumont, 1992; Clarke & Pavier, 1993; Soutis et al., 1993; Kortschot & Zhang, 1995; 
Cowley & Beaumont, 1997; O’Higgins et al., 2008; Hallett et al., 2009; Tan et al., 2011). X-
ray radiography involves projecting a beam of X-rays towards a specimen, which 
differentially absorbs the radiation according to its density and composition. The X-rays that 
pass through the specimen are then captured by either a photographic film or digital detector. 
 In the case of CFRP laminates, radiopaque dye penetrants are often required to obtain 
X-ray images of adequate contrast between the material and the damage. Dense penetrants 
having a high X-ray absorption coefficient such as tetra-bromoethane (TBE) and di-
iodobutane (DIB) have been used in the past to infiltrate and highlight damage zones in fibre 
composites (Sendeckjy, 1980; Ratwani, 1980). However, TBE is a mutagen and DIB is an 
irritant (Clarke & Pavier, 1993). Lead iodide and zinc iodide have been found to be safer 
alternatives. To produce the dye penetrant, lead iodide or zinc iodide powder is dissolved in 
water and isopropyl alcohol with a small amount of wetting agent (to reduce surface tension 
and improve infiltration). The damaged specimen to be inspected is then soaked in a bath of 
this solution to allow the radiopaque dye penetrant to infiltrate damage regions through 
capillary action. For specimens with isolated internal damage, a small hole can be drilled to 
allow penetrant to flow into the damaged zone (Clarke & Pavier, 1993). The penetrant then 
casts shadows in the radiographs to highlight the damage in a specimen. 
 X-ray radiography is a simple method that is capable of providing clear images of 
delamination and intralaminar cracks in CFRP laminates. It is very effective in imaging 
damage that is due to impact, fatigue and even quasi-static loading. However, the image is a 
superposition/vertical integration of all individual plies. Hence, ply-by-ply and inter-ply 
damage cannot be resolved through the thickness. Damage zones must also be connected to a 
free surface of the specimen so that infiltration by the radiopaque dye penetrant is possible.  
2.4.2 Ultrasonic Inspection 
 Ultrasonic inspection is a popular technique to quantitatively characterise internal 
damage in composites, especially from impact and fatigue loading where delamination is 
significant (Poursartip et al., 1986; Ghasemi Nejhad & Parvizi-Majidi, 1990; Symons & 
Davis, 2000; Imielińska et al., 2004). It involves propagating ultrasonic pulses through a 
specimen, and these pulses are scattered or reflected from interfaces separating regions of 
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dissimilar acoustic impedances (e.g. discontinuities, defects, specimen surfaces etc.). 
Commonly, the reflected signal is received by the transmitting transducer. The position of the 
discontinuity in the specimen is deduced from the time it takes for the reflected signal to 
travel back to the receiver. 
 The main ultrasonic technique for composite materials is the C-scan, a two-
dimensional representation of through-thickness data displayed as a planar view of the test 
specimen. Ultrasonic C-scans are usually performed in a water tank (Scott & Scala, 1982) 
because water, like various greases and gels, acts as a coupling medium that enhances 
acoustic transmission between the transducer and the specimen. Air, despite its high 
ultrasonic attenuation, can also be used as a coupling medium in certain specialty equipment 
(Imielińska et al., 2004).  
 Ultrasonic inspection is suitable for examining delaminations or cracks normal to the 
wave beam. However, vertically-oriented cracks/cracks parallel to the beam as well as small 
defects are unlikely to be visualised. Additionally, like X-ray radiography, the ply-by-ply 
damage and stacked delaminations in ultrasonic C-scans are often superposed (Scott & Scala, 
1982; Kortschot & Zhang, 1995). 
2.4.3 Microscopy 
 Microscopy involves the use of microscopes to inspect fracture mechanisms that 
cannot be detected with the unaided eye. Optical and electron microscopies have been 
employed extensively in literature to directly observe and characterise microscopic damage 
mechanisms such as fibre breakage, fibre pull-out, matrix micro-cracking and fibre-matrix 
interfacial failure with incredible detail (Bussiba et al., 2008; Laffan et al., 2010; Anand et 
al., 1994; Hoecker et al., 1995). Microscopic inspection of fracture surfaces (i.e. 
fractography) is a common approach for fibre laminates (Purslow, 1988; Gilchrist & 
Svensson, 1995; Laffan et al., 2010). Laminates are sectioned at different locations and 
orientations through the damage zone for microscopy to identify the distribution of damage 
(e.g. delaminations and matrix cracking) through the thickness of the specimen (Imielińska et 
al., 2004). 
 Damage characterisation through microscopy is precise. However, it can only be 
performed on specimen surfaces, making internal damage impossible to be detected unless 
the specimen is sectioned. Sectioning a specimen is not only inconvenient but it also destroys 
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the specimen and raises concerns as to whether additional damage has been introduced by the 
process. 
2.4.4 Penetrant Enhanced De-ply 
 One informative method of evaluating damage in a CFRP laminate is the penetrant 
enhanced de-ply technique. Developed by Freeman (1982), this destructive technique takes 
advantage of the fact that the fibre and matrix materials in a composite laminate often have 
different vaporising temperatures. The technique involves partially pyrolysing the polymer 
matrix so that the plies in a CFRP laminate can be unstacked and individually inspected for 
fibre damage. Often, a penetrant is also infiltrated into damage zones before de-plying to 
reveal delaminated areas by depositing a marker of some sort. Freeman (1982) reports the use 
of gold chloride as a penetrant. Clarke & Pavier (1993) investigated other substances for 
alternatives as gold chloride is expensive, and found that zinc iodide was also a suitable 
penetrant.  
 Kortschot & Zhang (1995) extended this technique by combining it with standard 
radiography to develop a procedure they called de-ply radiography. Zinc iodide is used to 
penetrate a damaged specimen, which is subsequently de-plied. The separated plies are then 
X-ray radiographed to obtain a ply-by-ply image of the delamination regions. 
 Penetrant-enhanced de-ply has been used successfully in literature (Soutis, 1994; 
Spearing & Beaumont, 1992; Hallett & Wisnom, 2006). It enables fibre damage in individual 
layers to be clearly identified through microscopy. The delamination size and pattern between 
successive plies can also be observed. However, it is a destructive technique and precautions 
must be taken in dealing with the noxious fumes that are produced when pyrolysing the 
matrix. Care must also be taken when heating the specimen and separating the plies so as not 
to cause additional damage to the fibres. 
2.4.5 Thermography 
 When a material deforms or becomes damaged, part of the energy needed to initiate 
and propagate the damage converts irreversibly into heat (Chrysochoos, 2002), which 
generates a thermal field and temperature distribution on the surface of the specimen. 
Thermography is a technique that measures and displays this temperature distribution. 
Plastics and composite materials have been reported to be well-suited to this method due to 
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their relatively low thermal conductivities (Scott & Scala, 1982). According to Scott & Scala 
(1982), there are two kinds of thermal fields: 
(1) Stress-generated thermal fields (SGTF), which arise from cyclic loading and wherein, 
maximum temperature rises occur at regions of highest stresses (e.g. at defects and 
damage). 
(2) Externally applied thermal fields (EATF) which are provided by a heat gun or a 
radiator, where isotherms, that would ordinary be uniform, are distorted by the 
presence of damage. 
 A thermovision video-camera is used to detect the thermal fields and display the 
signals as isotherms on a screen (Chow et al., 1990). The amount of damage in a composite 
laminate scales with the rise in temperature, and isotherms reveal damaged regions. 
Thermography provides a non-intrusive method of rapidly scanning a large surface area for 
damage. It can be done in-situ which allows the real-time damage evolution in a specimen to 
be monitored (Toubal et al., 2006). However, it does have some inherent problems such as 
the effects of draughts, the effects of ambient temperature and variations in surface emissivity 
(Scott & Scala, 1982). It is also difficult to resolve ply-by-ply damage as well as to detect 
small amounts of damage through thermography. 
2.4.6 Full-field Visual Assessment 
 Using full-field measurements of the in-plane displacements on the surface of a 
specimen for damage analysis is an emerging technique. Moiré interferometry and 2D Digital 
Image Correlation (DIC) are two examples of full-field assessment methods.  
Moiré interferometry produces high-sensitivity full-field contour maps of in-plane 
displacement by adhering a high-frequency crossed-grid diffraction grating onto the surface 
of a flat specimen. The grating deforms with the specimen under loading to yield interference 
patterns which are altered by the development of damage (Chow et al., 1990). 
 DIC involves correlating a distinct speckle pattern (or natural texture) on the surface 
of a specimen before and after deformation to extract surface displacements. It is becoming 
increasingly popular because its surface preparation requirements are not as elaborate as 
interferometric methods (Lee et al., 2010). The specimens are first prepared by spray painting 
a random speckle pattern on their surfaces. A camera captures a series of images of the 
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pattern during loading which are then processed by a correlation software. 2D DIC has been 
used successfully to analyse damage in CFRP laminates subjected to both quasi-static and 
dynamic/impact loading (Lee et al., 2010; Koerber et al., 2010).  
 Full-field assessment methods allow the damage development in a specimen to be 
examined in-situ. They are effective in detecting surface damage through its direct effect on 
the measured displacement field. Internal damage on the other hand is not well-detected. Ply-
by-ply (and inter-ply) damage also cannot be resolved. 
2.4.7 X-ray Computed Tomography (CT) 
 Previously confined to predominantly medical applications, X-ray computed 
tomography (CT) has been gaining increasing popularity as an advanced non-destructive 
technique to investigate the behaviour and damage of composite materials (Schilling et al., 
2005) under tension (Scott et al., 2011; Xu et al., 2014), impact (Tan et al., 2011), bending 
(Sket et al., 2012) etc. The method essentially involves rotating a specimen and capturing a 
series of two-dimensional X-ray images that will be used to generate a virtual three-
dimensional reconstruction of its internal structure. With the rapid advancements in temporal 
and spatial resolution, high resolution micro CT (μCT) technology is now also available. μCT 
allows microscopic damage features to be identified such as voids, fractures and micro-
cracks, which has proven advantageous in analysing fibre composites. 
 Dye penetrants used to enhance two-dimensional X-ray radiography, such as zinc 
iodide, can be used as a contrasting agent in X-ray CT measurements. They have been 
reported to facilitate investigations of damage in larger specimens (Schilling et al., 2005). X-
ray CT (and μCT) provides full three-dimensional information of the damaged microstructure 
which enables the exact location of damage to be resolved. The technique is also non-
destructive, non-invasive and requires significantly less sample preparation compared to 
sectioning a specimen and performing microscopy (Tan et al., 2011). However, scans can 
take a long time to complete and equipment for X-ray CT is expensive. The resolution of X-
ray CT measurements is also limited by specimen size.  
2.4.8 Concluding Remarks 
 Numerous other methods for visualising and measuring damage in composite 
materials exist: monitoring acoustic emission (Scott & Scala, 1982; Chow et al., 1990; 
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Bussiba et al., 2008), mechanical response measurements (Symons & Davis, 2000), AC and 
DC measurements (Abry et al., 2001), neutron radiography, optical holography (Scott & 
Scala, 1982), optical fibre sensors (Takeda, 2002) etc. However, only the main damage 
evaluation techniques used in literature for composite materials were reviewed in this sub-
section. X-ray CT is perhaps one of the most powerful non-destructive techniques developed 
in recent times. Together with the de-ply technique and microscopy, a comprehensive 
procedure for investigating damage and failure mechanisms was devised for this dissertation. 
 
2.5 Predicting the Fracture Behaviour of Notched CFRP 
 The elastic properties of unnotched laminates are generally well-predicted by classical 
laminate plate theory. However, the multiplicity of fracture modes and complexity of damage 
development in notched CFRP laminates make simulating notched fracture behaviour a real 
challenge. A brief overview of the main predictive techniques is now presented. Efforts 
documented in literature to simulate the fracture behaviour of notched laminates under 
various loading modes are summarised. 
2.5.1 Early Models 
Initial research in this field was directed towards investigating the applicability of 
linear elastic fracture mechanics (LEFM) to composite materials. Wu (1968) and Waddoups 
et al. (1971) concluded that LEFM is not generally applicable to composite materials because 
it requires self-similar crack growth during the crack extension process, which is not always 
the case in composites as they often exhibit complex damage zones.  
Whitney & Nuismer (1974) proposed the well-known Point Stress Criterion (PSC) 
and Average Stress Criterion (ASC), where the stress at a characteristic distance ahead of a 
notch is evaluated to predict failure. PSC and ASC are popular models amongst designers 
because they are simple to use. However, they have disadvantages – the main one being that 
they require the characteristic distance to be empirically determined. Karlak (1979) and Pipes 
et al. (1980) addressed this limitation by proposing functions that relate the characteristic 
distance to the size of the notch. 
Mar & Lin (1977) proposed a semi-empirical micromechanical model based on stress 
analysis for cracks at the interface of a bi-material. Good agreement for failure was found 
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between the predictions of this model and published data for a range of composite material 
systems. However, it only addressed certain aspects of damage, hence overlooking the overall 
damage process. Poe & Sova (1980) presented a fracture model similar to Waddoups et al. 
(1971), but with the data analysed in terms of strain rather than stress to avoid the effect of 
nonlinearity.  
The Damage Zone Model (DZM) is another early fracture model that was popular for 
predicting the notched strength of fibre composites. It was first developed by Hillerborg et al. 
(1976) for analysing the fracture of concrete. Backlund & Aronsson (1986) later applied the 
DZM to tensile-loaded composite laminates with stress raisers. The model simulates the 
development of damage near the edge of a notch as an equivalent crack. The material external 
to this region is assumed to be linear elastic. It is then analysed in a similar way to the 
Dugdale-Barenblatt analysis (i.e. cohesive zone-type model), where an increase in damage 
manifests as an increase in crack opening displacement and a decrease in cohesive stress in 
the damage zone (see Figure 2.9). A linear softening relationship has been found to yield 
good predictions for laminated composites (Carlsson et al., 1989). 
 
Fig. 2.9. The Damage Zone Model. Modified from Carlsson et al. (1989). 𝜎0 in the graph is assumed to be the 
unnotched tensile strength of the laminate and 𝑣𝑐 is the critical crack opening displacement. The area under the 
σ-v graph is the total fracture energy in the damage zone (𝐺𝐶), an intrinsic material property. 
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The DZM has been widely used as a predictor of notched tensile strength with great 
success (Backlund & Aronsson, 1986; Aronsson & Hollmann, 1986; Carlsson et al., 1989; 
Chow et al., 1990). It was extended by Hollmann (1991a) to model shear failure. However, 
ply-level details are neglected in the analysis and a constant failure mechanism is an 
important requirement for its application (Carlsson et al., 1989). DZM is also solved by the 
FE method which made it less attractive than simple closed form analytical solutions such as 
the PSC and ASC back when computational power was limited. 
Most of these early models require certain associated parameters to be known a priori. 
These parameters are often determined through preliminary experiments, and thus it should 
not be too surprising that they yield reasonable agreement with experimental data. The 
majority of these models were formulated for the case of uniaxial loading only (Awerbuch & 
Madhukar, 1985).  
2.5.2 Failure Criteria 
Numerous failure criteria can be used to predict laminate strength, such as the 
maximum stress/strain criterion, Tsai-Hill, Tsai-Wu, Puppo-Evensen, Hashin-Rotem, Puck, 
Cuntze criteria etc. Thom (1998) and Liu & Zheng (2010) provide extensive reviews of these 
failure criteria. They are mostly ‘macroscopic criteria’, which means that the input data 
consist of ply strengths or laminate strengths as well as material stresses.  
Generally, failure criteria can be categorised into two main types: non-interactive 
criteria and interactive criteria (Liu & Zheng, 2010). Non-interactive failure criteria assume 
no interactions between stress and strain components, resulting in rectangular failure surfaces 
in the stress/strain space (e.g. maximum stress/strain criterion). Interactive failure criteria 
account for interactions between stress and strain components, using polynomial tensors to 
describe the failure surface (e.g. Tsai-Hill, Tsai-Wu criteria). Recently, there has also been an 
emerging trend to develop fracture energy-based failure criteria (Liu & Zheng, 2010).  
2.5.3 Damage Constitutive Modelling 
Progressive failure analysis through damage constitutive modelling has proven to be a 
very valuable and powerful technique in the field of composite laminate design. A thorough 
review on the history and development of the general methodologies for composite laminates 
was provided by Liu & Zheng (2010). Essentially, damage constitutive modelling involves 
modelling mechanical degradations that are caused by damage (e.g. from micro-cracks, 
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micro-voids etc.), through stiffness reductions represented by damage variables. The 
Cauchy/true stress tensor 𝜎 of a damaged laminate is related to the nominal stress tensor 𝜎 
by: 
𝜎 = (1 − 𝐷)?̅? 
where 𝐷 is a phenomenological damage tensor (0 ≤ 𝐷 ≤ 1. 𝐷 = 0 represents the undamaged 
state and 𝐷 = 1 represents the fully-damaged state) (Liu & Zheng, 2010). 
Various failure criteria (e.g. maximum stress/strain criterion, Hashin-Rotem criterion 
etc.) and damage evolution laws (commonly based on fracture energy) have been used to 
predict the initiation of damage and the progressive failure properties of laminates. Their 
implementation in damage constitutive modelling can be done through two approaches: 
(1) Continuum Damage Mechanics (CDM) 
(2) Discrete Damage Mechanics (DDM) 
In CDM, the direction or plane of damage in a specimen is not defined. The constitutive law 
for the initiation and evolution of damage applies to the entire continuum solid being 
modelled. In contrast, DDM, which is also known as cohesive damage modelling, explicitly 
defines the regions of nonlinear fracture zones or cohesive zones for where the constitutive 
laws apply.  
Many researchers have experimentally-validated and employed damage constitutive 
modelling to gain insight into the subcritical damage evolution process in composite 
laminates. For example, Shin & Wang (2004) presented an improved cohesive zone model to 
simulate the initiation and evolution of damage as well as to predict the notched strength of 
laminated composites with different lay-ups. Lapczyk & Hurtado (2007) performed 
progressive damage analysis on aluminium-glass fibre/epoxy laminates under tension, using 
the Hashin failure criterion as the damage initiation criterion, and the cohesive fracture 
energy-based evolution criteria for predicting tensile and compressive failures of the fibres 
and the matrix. 
CDM does have several disadvantages. Principally, it can only be employed to predict 
fibre failure when fibre failure is due to a stress raiser such as a notch or a hole. This is 
because in the absence of a stress raiser, the location of fibre failure is statistical. CDM 
cannot capture statistical distributions in strength. As such, CDM also cannot be used to 
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predict statistical size effects of composites – other methods such as Weibull-based ones are 
more suited for such applications (Liu & Zheng, 2010).  
DDM too exhibits limitations. For instance, it requires that the location and 
orientation of damage be defined in advance, which not only is limiting but also can 
complicate mesh generation in FE analyses (Liu & Zheng, 2010). 
2.5.4 Finite Element Analysis 
 With the rapid advancements in computational ability, the FE method has become an 
important numerical tool to analyse progressive damage in laminated composites. FE analysis 
is implemented by discretising the continuous domain of a modelled specimen into a set of 
discrete sub-domains (i.e. elements). The on-axis stresses/strains at each discrete element is 
calculated for each load step and compared with the material allowable values. If the failure 
criterion is satisfied, the relevant elements are deemed to have failed. Otherwise, the applied 
load is increased further and the same analysis is continued. Failed elements will experience a 
degradation of stiffness according to the damage evolution laws adopted in the model. In 
response to this local stiffness degradation, stresses are redistributed in surrounding elements 
to re-establish equilibrium in the modelled structure. This adjustment accounts for the global 
non-linear behaviour arising from local damage. These calculations are performed over and 
over at the same load until no more elements fail. The calculations then move on to the next 
load step and the same iterative process ensues until ultimate failure occurs (Liu & Zheng, 
2010). 
 The FE method can be used for progressive failure analysis via commercial software 
such as Abaqus FEA or ANSYS. These programmes provide interfaces to incorporate user-
defined constitutive models and damage evolution laws on top of in-built damage models 
(Liu & Zheng, 2010). The FE method is used extensively in the literature to predict the 
fracture behaviour of composites (e.g. Kortschot & Beaumont, 1990b; Wisnom & Chang, 
2000; Wang et al., 2004; Hallett et al., 2009). 
 The extended FE method, otherwise known as XFEM is a relatively new technique to 
predict damage and fracture in composites. Proposed by Moës & Belytschko (2002), XFEM 
allows a crack to propagate in any direction by defining solid continuum elements with 
enriched element freedoms so that discontinuities/singularities can naturally form if the 
failure criterion is satisfied during simulation. A review on XFEM was presented by 
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Abdelaziz & Hamouine (2008) showing the merits of this technique. Among them, the 
convergence rate is improved and solutions are more accurate compared to conventional FE 
methods. 
2.5.5 Micro-scale, Meso-scale and Multi-scale Approaches 
There are many different length scales relevant to composite laminates, from the 
microscopic fibre scale to the macroscopic laminate scale. Subcritical damage occurring on 
each scale affects the global behaviour of the material (Daghia & Ladevèze, 2012). Within 
FE modelling, three different approaches to simulating composite materials exist: the micro-
scale, meso-scale and multi-scale approaches. 
The micro-scale approach explicitly models the microscopic phenomenology and 
micro-architecture of a laminate. In contrast, the meso-scale approach accounts for structural 
degradations within a laminate using continuum damage variables. Multi-scale strategies 
utilise both micro-scale and meso-scale approaches, applying the micro-scale model in 
regions where discrete modelling of microscopic mechanisms is necessary for accuracy, and 
the meso-model everywhere else to alleviate computational costs. 
2.5.6 Simulating Tensile Failure 
 Tensile loading is perhaps the most fundamental loading mode with no shortage of 
experimental data for model validation. As such, there is a vast amount of literature on 
attempts and strategies to simulate tensile fracture in composite laminates. Awerbuch & 
Madhukar (1985) compiled a comprehensive review of early fracture models (e.g. PSC, ASC 
etc.) developed to predict tensile strengths of composite laminates with stress-raisers. These 
were mostly simple analytical models that could predict tensile failure stresses without 
modelling subcritical damage modes explicitly. 
Kortschot & Beaumont (1990b) were some of the first researchers to develop a 
notched strength model that directly simulated tensile subcritical damage (0° splitting and 
delamination) in the analysis. By quantifying the blunting effect of notch tip damage, the 
tensile strength of crossply CFRP specimens with different notch sizes and lay-ups could be 
predicted. Kortschot et al. (1991) extended this approach by incorporating a damage growth 
law that used the strain energy released during splitting to predict 0° split growth, which 
could then be used to predict the tensile strengths of CFRP specimens. 
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 Wisnom & Chang (2000) developed an FE approach where interface/cohesive 
elements were employed to explicitly model inter-ply delaminations and intra-ply splits in 
crossply tensile specimens (this is an example of DDM). The model was found to accurately 
predict damage and has since been used in other studies of tensile failure as well. For 
example, Hallett et al. (2009) combined it with a Weibull-based fibre failure criterion to 
successfully predict the tensile damage mechanisms and failure strengths of notched quasi-
isotropic CFRP specimens. 
 Other efforts to modelling tensile fracture include the micro-scale approach (Violeau 
et al., 2009), meso-scale approach (Van der Meer et al., 2010) and multi-scale strategy 
(Daghia & Ladevèze, 2012; Okabe et al., 2014). There have also been efforts to develop user-
defined constitutive models to predict the progressive tensile failure. Chen et al. (2014) 
developed a combined elastoplastic damage model and cohesive zone model using a user-
defined material subroutine in Abaqus to analyse the in-plane tensile fracture behaviour of 
CFRP laminates.  
2.5.7 Simulating Compressive Failure 
 As previously discussed, compressive failure in a notched composite laminate is by 
the development of plastic microbuckling. This phenomenon has been modelled to varying 
degrees of sophistication in the literature (Soutis et al., 1993). Early models predicted the 
compressive strength of a structure by equating the maximum stress to the unnotched 
compressive strength of the material (maximum stress criterion) or by equating the net 
section stress to the unnotched compressive strength (net section stress criterion) (Peterson, 
1974). The PSC and ASC developed by Whitney & Nuismer (1974) were used to predict 
compressive strengths of notched laminates by Rhodes et al. (1984) and Nuismer & Labor 
(1979), respectively. Guynn et al. (1989) employed the DZM with constant cohesive stresses 
to analyse microbuckled regions. Many of these early fracture models that had been 
formulated for tensile loading were also employed to predict compressive failure. 
 Soutis, Fleck and Smith (1991) developed their own model for compressive strength. 
Essentially, a cohesive zone model was used to idealise notch tip damage (0° fibre 
microbuckling, delaminations etc.). The model yielded good predictions for the chosen CFRP 
laminate lay-up. It was utilised by Soutis et al. (1993) to successfully predict the effects of 
hole size and lay-up in compressive CFRP specimens. 
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 Sutcliffe et al. (1996) adopted a multi-scale strategy to model the development of 
microbuckling from a sharp notch in a unidirectional specimen. A micro-scale model of 
alternating elastic fibres and nonlinear matrix was used at the region near the notch tip, and a 
meso-scale model was used outside this region. The model accurately predicted the load for 
microbuckle initiation. A wide range of other models to predict the compressive strength of a 
laminate from fibre kinking can be found in literature (Argon, 1972; Fleck, 1997; Pinho et al., 
2006; Pimenta et al., 2009). 
2.5.8 Simulating Shear Failure 
 The early strength prediction models such as the PSC, ASC and DZM were mostly 
limited to uniaxial loading applications. Hollmann (1991a) extended the DZM to shear failure 
and obtained accurate predictions of shear strength. 
Most FE investigations focussed on the elastic regime of shear deformation, and not 
on shear failure. For example, Herakovich & Bergner Jr (1980) performed FE analysis to 
predict the elastic stress distribution in double V-notched coupon specimens so that the 
validity of the shear loading technique (for the purposes of material characterisation) could be 
determined. Nedele & Wisnom (1994) developed a micro-scale FE model to predict the 
elastic behaviour of a unidirectional composite subjected to axial shear. 
Some work has been done to model interlaminar shear behaviour such as the attempt 
by Wisnom (1996) to model the composite non-linear interlaminar shear response using 
interface/cohesive elements between elastic plies. However, attempts to predict the in-plane 
shear fracture mechanisms in multi-directional laminates have been limited. This is due to the 
fact that very little experimental work has been done in this area, which restricts model 
validation. 
2.5.9 Simulating Failure from Combined Loading 
 Numerous efforts have been made to predict the failure envelopes of laminates under 
combined/biaxial loading. Gotsis et al. (1998) performed a multi-scale analysis using 
computer codes that integrated the mechanics of composites and progressive fracture, to 
generate failure envelopes for glass-fibre and carbon-fibre laminates under a variety of 
biaxial loading modes. Sun & Tao (1998) predicted the failure envelopes of different 
laminate lay-ups using a FORTRAN code to perform the laminate analysis and failure 
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prediction. These calculations however were not validated by experiments. Davila et al. 
(2005) developed a new set of failure criteria for fibre composites (which they named 
LaRC03) that can predict matrix and fibre failures accurately without the use of curve-fitting 
parameters. They used the LaRC03 criteria to predict the failure envelopes and failure modes 
of fibre composites under different biaxial loadings and found good correlation with available 
experimental data.  
Of all the different combinations of loading, efforts to simulate failure due to 
combined compression and shear has garnered the most attention. This is probably because 
there exist quite a bit of experimental data on the subject for cross-checking numerical 
results. For example, Gutkin et al. (2010) used a micro-mechanical FE model to predict the 
failure mechanisms and failure envelopes of fibre composites under combined compression 
and shear. In their study, the effect of a range of parameters (e.g. matrix behaviour, fibre 
compressive strength, initial fibre misalignment etc.) on the failure envelopes was 
investigated. Gutkin et al. (2011) also presented an analytical model to predict fibre kinking 
and splitting in CFRP specimens under combined compression and shear.  
2.5.10 Concluding Remarks 
 There are a multitude of analytical and numerical techniques that have been 
developed to predict the fracture behaviour of composites. However, a large proportion of the 
literature addresses only the cases of uniaxial loading and certain biaxial loading. There is a 
clear need for developing an experimentally-validated predictive tool that is capable of 
simulating failure from shear loading, and combined tension and shear loading. This thesis 
endeavours to address this need. 
 
2.6 Stress Concentration and Lay-up Effects in CFRP 
 The notched fracture behaviour of fibre composite laminates is known to be strongly 
influenced by a great variety of parameters. These include laminate lay-up, material system, 
loading function and environmental conditions, among others (Awerbuch & Madhukar, 
1985). Of all the relevant parameters, the effects of stress concentration as well as of laminate 
lay-up have chiefly been primary points of interest when studying the failure of composites. 
Their significance in the practical applications of composites provides sufficient motivation: 
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 Stress concentrators such as notches and holes are needed in composite structures for 
mechanical joining methods (bolts and rivets), for access holes, for routing of pipes 
and cables etc. 
 The lay-up of a composite laminate is frequently varied for the purposes of design 
optimisation 
This sub-section of the dissertation reviews our current knowledge on stress concentration 
effects and on laminate lay-up effects in CFRP separately. 
2.6.1 Effect of Notch Size and Shape on Fracture Behaviour 
 Generally, two main types of investigations into the effects of stress concentrations in 
CFRP laminates have been carried out in the literature: investigating the notch size effect, 
and investigating the notch shape effect. The notch size effect has been studied for different 
notch geometries primarily for the loading case of pure tension. Varying the diameter of a 
central circular hole in tensile loaded CFRP specimens is a popular approach (Lagace, 1986; 
Carlsson et al., 1989; Xiao & Bathias, 1994). The notch size effect for sharp notches such as 
cracks and slits has also been investigated by varying their lengths (Lagace, 1986; Eriksson & 
Aronsson, 1990; Kortschot & Beaumont, 1990a; Marissen et al., 2006). It has widely been 
reported that the mode of failure for each material system and lay-up is only mildly sensitive 
to the size of the notch: all studies confirm that as notch size increases, the laminate’s 
notched strength reduces and notch sensitivity increases (Carlsson et al., 1989; Lagace, 1986; 
Eriksson & Aronsson, 1990; Kortschot & Beaumont, 1990a; Xiao & Bathias, 1994). The 
effect of notch size on damage accumulation (i.e. a larger notch induces more damage and 
hence greater blunting of the notch) has been used to explain the notch size-specimen 
strength relationship (Kortschot & Beaumont, 1990a; Green et al., 2007; Wisnom & Hallett, 
2009). It should be noted that in some studies, the notch size was varied by varying the 
specimen size and maintaining the aspect ratio of notch size to specimen size (Green et al., 
2007; Wisnom & Hallett, 2009). Such investigations are aimed more towards investigating 
specimen size effects than notch size effects. 
Although most work on the notch size effect in composite laminates has been directed 
towards the case of pure tension, several researchers such as Soutis et al. (1993) and Soutis 
(1994) have performed analogous investigations for the case of direct compression as well. 
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As for the tensile case, notched compressive strength decreases with increasing hole size 
(Soutis et al., 1993; Soutis, 1994). 
The effect of notch shape is commonly examined by comparing sharp-notched tensile 
specimens to open-hole tensile specimens of the same notch length (hole diameter), material, 
stacking sequence and specimen size. Lagace (1986) found that specimens with slits were 
stronger than specimens with equivalent holes in woven CFRP laminates. Several other 
sources, despite not explicitly comparing notch geometries, have documented similar results 
in other laminate configurations (Carlsson et al., 1989; Eriksson & Aronsson, 1990). 
Recently, Xu et al. (2014) systematically investigated the effect of notch shape in tensile-
loaded quasi-isotropic CFRP laminates. They noted that sharp centre-notched specimens 
exhibited higher tensile strengths than equivalent open-hole specimens. However, there was a 
cross-over point where at a certain specimen size/scale, the open-hole specimens became 
stronger. Few studies before this one have directly addressed the reasons for this 
phenomenon. Xu et al. (2014) suggest that it is due to the different extents of damage (the 
different extents of 0° splits to be specific) in both specimen configurations. They observed 
that longer 0° splits developed in the sharp centre-notched tensile specimens compared to the 
open-hole specimens, severely reducing the stress concentration at the crack tips and 
strengthening the centre-notched specimens. 
Almost all work conducted on the topic of notch shape effect has been limited to the 
case of pure tension. Hollmann (1991a) was one of the very few researchers to study this 
effect for other loading directions (i.e. in-plane shear). The general trend of sharp-notched 
specimens being stronger than round-notched specimens for the loading case of shear was 
reported by Hollmann (1991a). In his study, a difference in the extent of damage for both 
specimen types was also observed, with the sharp-notched specimen exhibiting greater 
extents of damage from having higher stress levels adjacent to the notch compared to the 
round-notched specimens. 
2.6.2 Lay-up Effects 
The fracture behaviour of laminated composites strongly depends on both the 
specified set of ply orientations (i.e. laminate lay-up) and on the order in which the ply 
orientations are arranged in a laminate (i.e. stacking sequence) (Harris & Morris, 1987). Most 
studies of the effects of laminate lay-up have been for pure tensile loading. Eriksson & 
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Aronsson (1990) reported that specimens with a larger proportion of 0° plies tended to 
exhibit higher tensile strengths, lower notch sensitivities and more extensive damage 
compared to specimens with a lower proportion of 0° plies. Other researchers have confirmed 
that tensile strength, notch sensitivity and damage vary substantially with laminate lay-up 
(Carlsson et al., 1989; Chow et al., 1990; O’Higgins et al., 2008). Kortschot & Beaumont 
(1990a) hypothesised that the lay-up affects notched strength and notch sensitivity through its 
effect on damage growth. 
Many studies have investigated the effect of laminate lay-up by comparing laminates 
with blocked stacking sequences to those with non-blocked/sublaminate-scaled stacking 
sequences. Kortschot & Beaumont (1990a) showed that crossply laminates with blocked 
stacking sequences ([902/02]S) had higher notched tensile strengths and developed more 
subcritical damage than those with non-blocked/sublaminate-scaled stacking sequences 
([90/0]2S) despite both configurations having the same number of 0° and 90° plies. O’Higgins 
et al. (2008) reported an identical observation for both glass-fibre and carbon-fibre laminates 
as well. The effect of damage in blunting the notch and improving specimen strength was 
stated as the reason why ply-blocked laminates were stronger than sublaminate-scaled 
specimens in tension. Laffan et al. (2010) asserted that thicker 0° ply orientations, obtained 
through ply-blocking, increased the apparent toughness for fibre tensile failure by increasing 
fibre pull-out in the 0° plies.  
Green et al. (2007) studied size effects in quasi-isotropic ply-blocked and 
sublaminate-scaled specimens. They found that the notched tensile strength of sublaminate-
scaled specimens decreased with increasing specimen size, whereas the notched tensile 
strength of ply-blocked specimens increased with increasing specimen size. Failure modes 
were also a function of stacking sequence. Three different failure mechanisms were 
categorised for tensile failure: pull-out (fibre dominated failure with extensive subcritical 
damage), brittle (fibre dominated failure with little subcritical damage) and delamination 
(matrix dominated failure) (Green et al., 2007). 
Lay-up effects in tensile loaded specimens have also been modelled. Kortschot & 
Beaumont (1991) predicted the dependence of notched tensile strength on lay-up by deriving 
a function relating the growth of subcritical damage (0° split length) to applied stress for a 
range of crossply CFRP laminates. Li et al. (2012) employed an FE approach similar to 
Hallett et al. (2009), where cohesive elements explicitly modelled inter-ply delamination and 
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intra-ply splits, and progressive statistical failure theory was used to predict fibre failure, to 
predict failure in over-height compact tension specimens for five different lay-ups. 
Predictions showed good correlation with experimental results.  
Several studies have been carried out to understand the effect of lay-up for pure 
compressive and pure shear loadings. In pure compression, the dominant damage and critical 
failure mechanism is plastic microbuckling of the 0° plies regardless of lay-up. Additionally, 
the compressive failure strains in unnotched laminates appear to be independent of lay-up 
(Soutis et al., 1993). Soutis et al. (1993) reported that the presence of ±45° plies reduces the 
notch sensitivity of compressive specimens through more extensive damage. The effects of 
lay-up upon compressive strength are predicted reasonably well by the Soutis-Fleck model 
which takes the unnotched compressive strength and fracture toughness of the laminate as 
input parameters (Soutis, 1994). The effect of adjacent ply orientations to the load-bearing 0° 
plies in compression was studied by Berbinau et al. (1999). They discovered that as the 
adjacent plies become more aligned to the on-axis direction, a higher compressive failure 
stress is recorded. 
Hollmann (1991a) researched the in-plane shear failure of laminated composites for a 
wide range of lay-ups. He noted that the in-plane shear failure stress was independent of the 
percentage of 0° or 90° plies, but was dependent on the number of ±45° plies, which were 
identified as the load-bearing plies in shear. This finding was supported by Zhou et al. (1995). 
Also according to Zhou et al. (1995), the interlaminar shear strengths of composite specimens 
are independent of lay-up for the same material system. 
2.6.3 Concluding Remarks 
 Investigations into the effects of stress concentration and lay-up are common studies 
when probing the fracture behaviour of notched composite laminates. However, the literature 
appears to be heavily biased towards pure tensile loading investigations. To the author’s 
knowledge, equivalent work for combined tension and shear loading has not been reported in 
the literature. This dissertation aims to explore stress concentration effects in quasi-isotropic 
laminates under different combinations of tension and shear loading, and to extend the core 
work to other multi-directional laminates, examining the role of lay-up.  
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2.7 Overall Conclusions 
 This chapter has demonstrated that a systematic characterisation of the fracture 
mechanisms in notched multi-directional CFRP laminates under combined tension and shear 
is lacking from the literature. Auxiliary investigations into the effects of stress concentration 
and lay-up upon the multi-axial fracture behaviour of composites are also limited, if not non-
existent in the literature. This dissertation describes the development of an experimental 
technique utilising a novel loading fixture and X-ray CT to address these gaps identified. 
Additionally, it has been shown that there is a clear need for developing an experimentally-
validated predictive tool that is capable of simulating failure from shear loading, and 
combined tension and shear loading. This is addressed in the thesis. 
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Chapter 3 
FRACTURE BEHAVIOUR OF NOTCHED CFRP 
LAMINATES UNDER MULTI-AXIAL LOADING 
Synopsis 
 A series of experiments is performed to investigate the fracture behaviour of quasi-
isotropic CFRP laminates containing a central stress raiser when subjected to a wide range of 
in-plane loading modes (pure tension, pure compression, in-plane shear, and combined 
tension and shear). A modified Arcan fixture is developed and used to investigate the 
evolution of subcritical damage in CFRP laminates under combined tension and shear. The 
ply-by-ply and inter-ply damage mechanisms are observed and recorded by X-ray CT and by 
the microscopy of de-plied samples. The measured failure strengths of the specimens are used 
to construct failure envelopes in a tensile-shear stress space, which reveal competing failure 
mechanisms. Two notch geometries are investigated in this study: a sharp notch and a 
circular hole. Surprisingly, the net section strength (for all stress states investigated) is greater 
for specimens with a sharp notch than a circular hole. An underlying micromechanical 
explanation is advanced for the notch sensitivity. 
 
3.1 Introduction  
 As discussed in the previous chapter, most experimental studies of subcritical damage 
in notched CFRP laminates have been limited to uniaxial loading. As such, the fracture 
mechanisms for tension and compression are well-documented in literature. Equivalent work 
for in-plane shear and combined tension and shear is lacking. This needs to be addressed 
given the prevalence of these types of loading modes in practical applications of composite 
laminates, such as in the wing structure of an aircraft. 
 In this study, the fracture behaviour in centre-notched quasi-isotropic CFRP laminates 
is experimentally investigated for a wide range of multi-axial loading modes. The objectives 
of the experimental study described in this chapter are summarised as follows: 
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(1) To innovate a test method for loading centre-notched CFRP coupon specimens in a 
variety of in-plane loading modes, including shear, and combined tension and shear. 
(2) To observe, monitor and catalogue the dominant damage and critical failure 
mechanisms in quasi-isotropic CFRP as a function of loading mode. 
(3) To determine the failure envelope of the specimens in a tensile-shear stress space. 
(4) To assess the effect of stress concentration in quasi-isotropic CFRP. 
(5) To analyse the effect of damage on notched strength and notch sensitivity. 
A modified Arcan rig has been designed based on the circular specimen/Arcan’s 
method. To the author’s knowledge, this loading fixture is the first of its kind to successfully 
test centre-notched multi-directional CFRP specimens under a wide range of in-plane loading 
modes, including shear, and combined tension and shear. As such, the research described in 
this chapter is perhaps the first systematic attempt in literature to investigate the damage 
mechanisms and general fracture behaviour of centre-notched quasi-isotropic CFRP 
laminates under different combinations of tension and shear (including in-plane shear). 
A robust procedure for observing and recording the subcritical damage and critical 
failure mechanisms is described below. The principal method is by penetrant-enhanced X-ray 
CT, which allows non-intrusive ply-by-ply (and inter-ply) observation of damage. Further 
clarification of damage is conducted by de-plying selected samples and directly inspecting 
the damage microscopically. These techniques, together with the results of the study, will be 
discussed in turn in the following sections. 
This chapter begins by first describing the experimental procedure, from specimen 
preparation to damage measurement. Details of the modified Arcan rig are given, such as its 
configuration and validity as a loading method. Details of the two notch geometries (sharp 
notch and circular hole) for assessing the role of stress concentration upon notched behaviour 
are reported. The failure envelope and the associated fracture mechanisms are presented, 
along with the damage evolution process and the evaluation of the stress concentration effect. 
The results obtained are used to develop and validate a predictive FE strategy for progressive 
damage and fracture that will be elucidated in the following chapter of this dissertation. 
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3.2 Experimental Procedure 
3.2.1 Specimen Manufacture 
 The material used was HexPly
®
 IM7/8552, a unidirectional CFRP pre-preg system 
supplied by Hexcel, with a nominal ply thickness of 0.125mm. Quasi-isotropic laminates, of 
stacking sequence [45/0/-45/90]2S, were carefully laid-up by hand in a clean room, before 
being vacuum-bagged and autoclaved by the author at the University of Cambridge 
Engineering Department. The panels were cured according to the standard cure cycle 
prescribed by the manufacturer, as follows: 
1. Apply full vacuum (1 bar). 
2. Apply 7 bar gauge autoclave pressure. 
3. Reduce the vacuum to a safety value of 0.2 bar when the autoclave pressure reaches 
approximately 1 bar gauge. 
4. Heat at 1-3°C/min to 110°C ± 5°C. 
5. Hold at 110°C ± 5°C for 60 minutes ± 5 minutes. 
6. Heat at 1-3°C/min to 180°C ± 5°C. 
7. Hold at 180°C ± 5°C for 120 minutes ± 5 minutes. 
8. Cool at 2-5°C/min. 
9. Vent autoclave pressure when the component reaches 60°C or below. 
The as-cured CFRP panels, of thickness 2mm, were cut to the specimen dimension 
90mm × 25mm using a water-cooled diamond saw. The specimens were then end-tabbed 
with 1.0mm thick aluminium sheet using a toughened, high modulus epoxy adhesive (Gurit 
Spabond 345) to give a gauge section of length 23mm (and width 25mm), see Figure 3.1. 
Two notch geometries were machined into each specimen, at mid-point: 
(i) a hole of diameter 6 mm using an unlubricated tungsten carbide drill bit, or 
(ii) a sharp notch of height b = 0.70mm (root radius 0.35mm) and length a = 6.25mm. 
To achieve this, an array of small holes was joined using a fine fretsaw blade. Any 
minor misalignment from hole to hole of the array has a negligible influence upon 
the strength of the specimen. 
The gauge sections of all the specimens were rigidly clamped in between two pieces of 
20mm thick plywood blocks during the machining of the notches in order to minimise the 
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damage introduced into the specimens by the process. It was also ensured that the same drill 
speed was used to produce all the stress raisers.  
 
Fig. 3.1. Specimen configuration (w = 25mm; l1 = 33.5mm; l2 = 23mm; sharp notch: a = 6.25mm, b = 0.7mm; 
circular hole: a = 6mm; total thickness, B = 2mm). 
 The length of the sharp notch was chosen to be 6.25mm so that 𝑎/𝑤 = 0.25. Ideally, 
the circular hole would have a diameter of 6.25mm for objective comparison. However, the 
closest drill size for producing a circular hole of comparable notch length to the sharp notch 
was 6mm. This minor difference in the notch length between both notch geometries is 
assumed to be too small to affect the results of the tests significantly. The elastic stress 
concentration factor 𝑘𝑇 for the circular hole is on the order of 3 for tension and 7 for shear 
loading of the quasi-isotropic lay-up. In contrast, the sharp notch induces a much greater 
stress concentration factor of approximately 7 for tension and 12 for shear. These values of 
𝑘𝑇 were calculated by modelling the specimens as simple linear elastic isotropic plates in 
plane stress in Abaqus FEA, and by defining 𝑘𝑇 as 𝑘𝑇 = 𝜎𝑚𝑎𝑥/𝜎𝑔𝑟𝑜𝑠𝑠 where 𝜎𝑚𝑎𝑥 is the 
maximum in-plane principal stress due to the stress-raiser and  𝜎𝑔𝑟𝑜𝑠𝑠 is the gross-section 
remote stress.  
Additional elastic calculations in Abaqus showed that the gauge length of the 
specimens (l2 = 23mm), although very short, is acceptable as it gives rise to virtually the 
same values of 𝑘𝑇 as the more common elongated specimens used in traditional tensile 
studies. This addresses the concern of using a short specimen gauge length in the study, 
especially for the tensile tests.  
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The specimen configuration shown in Figure 3.1 was adopted as it gave rise to failure 
in the gauge section when loaded in all relevant loading modes. Its small size enabled the use 
of X-ray CT for non-destructive, high resolution inspection of damage. 
 The prepared specimens were loaded to failure in order to measure the net-section 
failure stresses under tension, compression, in-plane shear, and combined tension and shear. 
Additionally, interrupted tests were performed on selected specimens in order to obtain the 
ply-by-ply (and inter-ply) progression of subcritical damage. The two notch geometries allow 
for an assessment of the role of stress concentration upon strength and damage evolution. 
3.2.2 Loading Method: Modified Arcan Rig 
 A method for loading centre-notched quasi-isotropic CFRP laminate coupons multi-
axially was developed in order to investigate the fracture behaviour of notched composites 
under different combinations of tension and shear. The novel loading method was based on 
the circular specimen/Arcan’s method, which has been traditionally used as an in-plane 
biaxial stress method for butterfly-shaped specimens.  
 The ‘modified Arcan rig’ is a loading fixture that adopts the classical construction of 
an Arcan rig but with one major modification: friction grips are used to transfer the stresses 
into the specimens and not bolts as conventionally practised. This modification ensures that 
the CFRP laminate specimens fail from the notch at the gauge section, and not at the grips, by 
removing the high stress concentrations at the grips in the form of holes required for bolting. 
3.2.2.1 Design and Manufacture 
 The modified Arcan rig comprises four identical plates: the specimen is friction-
gripped between a front and back pair. The full dimensions of the modified Arcan rig (base 
design/two plates) are shown in Figure 3.2. The 10mm diameter holes just inside the outer 
circumference of the rig are the rig’s loading holes. They serve to hold loading pins that 
allow different in-plane loading modes to be applied to the specimen through a tensile testing 
machine. These loading holes are positioned 15° apart from each other. The 8mm diameter 
holes in each plate near the centre of the rig are the fastening holes. They border the friction 
grip surfaces and serve to house M8 cap-head screws and bolts that fasten the specimen to the 
modified Arcan rig. 
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Fig. 3.2. Full dimensions of the modified Arcan rig. All dimensions in mm. 
  The outline of the rig (including all holes) was cut from 8.00mm thick A.I.S.I Type 
01 Ground Flat Stock hardenable steel plates using a water-jet cutter. Friction grips were then 
knurled into the surfaces of each plate. The plates were subsequently hardened to 58 
Rockwell C by holding them at 800°C for 1 hour, followed by an oil-quench and temper at 
200°C for 3 hours. A photograph of the as-manufactured plates and a close-up of the knurled 
surface that serves as friction grips for the modified Arcan rig are shown in Figure 3.3. 
3.2.2.2 Mechanism of Loading 
 Specimens are first attached to the modified Arcan rig by tightening the friction grips 
of the rig onto their aluminium tabs until sufficient bedding-in takes place. This is done by 
uniformly torqueing M8 bolts in each of the eight fastening holes at 5Nm intervals to 20Nm. 
Care must be taken in aligning the specimens during this process to ensure that the load line 
always passes through the centre of the specimens for symmetric loading. Reinforcing steel 
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plates (10mm thick) are also additionally used to ensure minimal out-of-plane bending of the 
rig at the grip region during this fastening process.  
 
Fig. 3.3. Photograph of the as-manufactured plates that make up the modified Arcan rig. 
 
Fig. 3.4. Schematic of the loading mechanism of the modified Arcan rig. 
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The whole assembly is then pin-loaded by a screw-driven tensile testing machine 
(Instron 5584 was used in this study). Figure 3.4 illustrates a schematic diagram of how the 
modified Arcan rig functions to apply different in-plane loading modes onto centre-notched 
specimens. The specimens are tested in pure tension, pure compression, in-plane shear, and 
combined tension and shear by varying the loading angle φ and loading direction. The 
modified Arcan rig is capable of applying loads at loading angle intervals of 15°.  
When φ equals 0°, the loading is pure tension or compression depending upon the 
loading direction (to distinguish both loading modes, the following convention is adopted in 
this thesis: 𝜑 = 0° for pure tension, 𝜑 = 180° for pure compression). When φ equals 90°, the 
loading is simple shear. An intermediate angle φ between 0° and 90° gives rise to a 
combination of tension and shear. If the applied load is P, then the tensile component of load 
equals 𝑃 cos𝜑 and the shear component equals 𝑃 sin𝜑. Figure 3.5 shows a photograph of a 
typical experimental set-up for the modified Arcan rig assembly – in this case for pure shear 
testing. 
 
Fig. 3.5. Photograph of a typical experimental set-up for the modified Arcan rig assembly (pure shear testing). 
Additional specimen support is needed for the compression tests using the modified 
Arcan rig: 
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(1) The rig is loosely held to a vertical back-plate by G-clamps to aid alignment and to 
minimise out-of plane bending. 
(2) The assembly is carefully aligned in the loading rig (using feeler gauges) to ensure 
minimal in-plane bending. 
The failure loads of the notched specimens were measured by quasi-statically loading 
the specimens to failure at 0.5mm/min. At least three specimens for each configuration were 
tested to failure. In addition, interrupted tests were conducted on selected specimens to 
investigate the ply-by-ply and inter-ply subcritical damage evolution for tension, 
compression, in-plane shear, and combined tension and shear loading. 
3.2.2.3 Validity of the Modified Arcan Rig 
 During each test, the in-plane displacement field and strain field were monitored 
using Digital Image Correlation (DIC) and strain gauges to ensure that the specimens were 
loaded symmetrically, without in-plane and out-of-plane bending. DIC, which is an optical 
technique that accurately tracks 2D measurements of changes in a series of images, is a 
common technique used to measure surface displacements and deformations of specimens. 
Speckle patterns were spray-painted on the surface of the specimens and a Matlab code 
developed by Chris Eberl’s group in Karlsruhe Institute of Technology, Germany and Kevin 
Hemker’s group in Johns Hopkins University, USA was used to perform the DIC analysis. 
 Figure 3.6 and 3.7 show representative displacement contours for tension and shear as 
applied by the modified Arcan rig, respectively. The displacement contours were obtained 
from DIC, for specimens at a load equal to 95% of the failure load. In each figure, the 
displacement shown is co-directional with the loading direction. Both figures show 
symmetric contours indicating that tensile and shear loading applied through the modified 
Arcan rig are uniform with negligible in-plane bending. 
Figure 3.8 shows the strain gauge measurements on a specimen that was loaded in 
compression using the modified Arcan rig. The locations of the strain gauges on the specimen 
are included in the figure. It is evident that the degree of in-plane and out-of-plane bending is 
negligible – all four strain gauges recorded similar readings. Therefore, the modified Arcan 
rig is adequate for uniform compressive loading of the specimens.   
The above measurements imply that the modified Arcan rig is a reliable loading 
technique for the loading modes of the current study. 
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Fig. 3.6. DIC displacement contours (2-direction) of a specimen with a sharp notch (a/w = 0.25) that was loaded 
in pure tension using the modified Arcan rig (95% failure load). Displacements in mm. 
 
Fig. 3.7. DIC displacement contours (1-direction) of a specimen with a sharp notch (a/w = 0.25) that was loaded 
in pure shear using the modified Arcan rig (95% failure load). Displacements in mm. 
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Fig. 3.8. Strain gauge measurements to check for bending in compression test (a/w = 0.25). 
3.2.3 Damage Visualisation 
 A systematic and robust procedure to observe the progression of subcritical damage 
and mechanisms of critical failure was devised. It combines a number of established 
techniques to render all major fracture mechanisms visible, hence assisting in their 
characterisation and measurement. These techniques are outlined below. 
3.2.3.1 Penetrant-enhanced X-ray CT 
 X-ray CT was used as the primary method for visualising damage in the CFRP 
specimens. However, without the use of a radiopaque dye-penetrant, this technique was 
completely ineffective, given the resolution of the X-ray CT system being used and the 
similar X-ray attenuation coefficients between air and CFRP. Therefore, a zinc iodide 
solution was used as a radiopaque liquid dye penetrant in all scans as a contrasting agent. 
The zinc iodide solution comprised 5ml isopropyl alcohol, 30g zinc iodide powder, 
5ml distilled water and 5ml Kodak photoflow solution. This formula was taken from Tan, 
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Watanabe & Iwahori (2011). The dye was prepared by mixing the ingredients in a glass 
beaker with a wooden craft stick until all the zinc iodide powder dissolved to produce a clear 
dark brown solution. 
 The damaged specimen to be inspected was first soaked in a bath of the solution for 
approximately 30 minutes. During this time, the radiopaque dye penetrant is drawn into the 
damage zones through capillary action. After 30 minutes, the specimen was taken out of the 
solution and was thoroughly wiped down to remove excess penetrant. It was then sealed in a 
clear plastic zip-lock bag, ready to be CT-scanned. As the zinc iodide solution is extremely 
corrosive, extra care was taken to ensure that gloves and eye goggles were worn at all times, 
and corrodible materials were always kept away. Specimens were kept in plastic zip-lock 
bags during CT-scanning to protect the equipment. 
 X-ray CT-scanning was performed using the X-TEK HMX160 ultra-focus X-ray 
system. Unless otherwise noted, data were collected at X-ray tube settings of 55kV and 
65μA. A conical X-ray beam scanned the specimen which rotated at increments of 1° for 
each rotation step. An average of 32 frames was taken each time. After the full 360° were 
scanned, a 3D tomographical reconstruction of the specimen was generated by specialist 
software and viewed in VGStudio MAX. The internal damage was highlighted by the 
presence of the radiopaque dye penetrant, and the ply-by-ply and inter-ply damage 
mechanisms were identified by simply slicing through the reconstruction. 
 The non-destructive and non-intrusive nature of this technique was exploited by 
conducting interrupted tests on a single specimen to examine the sequence of damage 
evolution. Despite involving a time-consuming process (each CT-scan typically took 1hour to 
complete) and presenting a limit on the specimen size for adequate resolution, X-ray CT was 
found to be a very powerful technique to identify the damage mechanisms throughout the 
specimens. 
3.2.3.2 Microscopic Inspection of the De-plied Laminate 
 Several samples were de-plied to observe the degree of fibre damage within 
individual plies. This procedure was necessary for certain cases where distinguishing fibre 
damage from splits was not obvious from the CT data. The de-ply technique was developed 
by Freeman (1982) and was adjusted slightly for the current study. The CFRP specimens 
were first placed on a wire mesh and heated to 150°C for 90 minutes. This vapourised the 
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solvent present in the specimens as they were often soaked in zinc iodide solution beforehand 
for X-ray CT. They were then baked in a furnace at 425°C for 90 minutes to partially 
pyrolyse the resin in the laminate. After allowing the baked specimens to cool to room 
temperature, the individual plies were separated using adhesive tape, and a sharp razor blade 
was used to peel the layers apart. Care was taken to ensure that this process was done as 
gently as possible so as not to introduce additional damage into the plies.  
 The surface of each ply was then coated in a fine layer of gold through sputter 
deposition, and examined within the Scanning Electron Microscope (SEM). The gold layer 
acts as a conductive coating to prevent charging of the specimen and is useful for improving 
the signal to noise ratio in the SEM micrographs. Optical microscopy was also used to inspect 
some specimens preliminarily. Visualisation of fibre damage was straightforward and 
conclusive by this approach. 
 
3.3 Results 
3.3.1 Failure Envelope 
 All specimens failed from the central stress raiser in their gauge section in a 
catastrophic manner. Their net-section strengths were calculated from the measured peak 
loads and the average values were plotted in a tensile-shear stress space. This allowed the 
failure envelopes to be constructed. The scatter in the results was very small (1-5%), and so 
error bars have not been shown. 
 Figure 3.9 presents the failure envelope for the specimen with a central sharp notch. 
The net-section tensile stress 𝜎 equals 
𝑃 cos𝜑
(𝑤−𝑎)𝐵
 and the net-section shear stress 𝜏 equals 
𝑃 sin𝜑
(𝑤−𝑎)𝐵
 
(all stresses in this dissertation are net-section stresses unless indicated). The data points are 
connected by best fit lines. As clearly illustrated by the figure, there are three distinct regimes 
in the failure envelope. Interrupted tests uncovered that each regime corresponds to a unique 
sequence of damage and failure. The three distinct mechanisms are: 
(1) Mechanism A, indicated by triangular markers; 
(2) Mechanism B, indicated by circular markers; and 
(3) Mechanism C, indicated by square markers. 
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Fig. 3.9. Failure envelope of the quasi-isotropic laminate with a central sharp notch (a/w = 0.25). 
 Mechanism A is exhibited by the specimens when they are subjected to significant 
tensile stresses and relatively low shear stresses, whereas Mechanism B is induced when the 
loading is predominantly in shear. Mechanism C occurs when the specimens are loaded in 
compression. The tensile stress required for causing failure through Mechanism A reduces 
with increasing shear stress. Failure through Mechanism B on the other hand, occurs at a 
constant value of shear stress.  
3.3.2 Damage and Failure Mechanisms 
 Mechanisms A, B and C exhibit distinct features. A summary of the dominant damage 
and critical failure mechanisms associated with each is illustrated in Figure 3.10. Discussions 
on each are presented in the following sub-sections. 
3.3.2.1 Mechanism A (φ equals 0°) 
 As illustrated in Figure 3.10, when φ equals 0° and the loading is pure tension, the 
dominant damage mechanism is the symmetrical splits at the notch tips in the load-bearing 0° 
plies. These 0° splits were identified as the most important damage mechanism prior to 
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ultimate failure for Mechanism A because they are responsible for blunting the notch by 
redistributing the large stresses ahead of the notch tips. This phenomenon delays the onset of 
ultimate failure caused by the catastrophic tensile fracture of the 0° fibres (Bishop, 1985; 
Carlsson et al., 1989; Kortschot & Beaumont, 1990a; Hallett et al., 2009). 
 
Fig. 3.10. The dominant damage and critical failure mechanisms for Mechanisms A, B and C. 
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The observed damage sequence in the quasi-isotropic specimens for Mechanism A 
was as follows: 
(i) Splits in the 90° plies initiate around the notch tips. 
(ii) Off-axis splits in the ±45° plies then developed from the notch tips, promoting the 
split density in adjacent 90° plies. 
(iii) On-axis splits in the load-bearing 0° plies develop. 
(iv) These intra-ply splits in each ply orientation grew steadily and extensively in a 
self-similar manner with increasing remote stress. 
(v) Fibre tensile fracture develops from the notch tips in the 0° plies shortly before 
failure (less than 1mm in length at 90% failure load). 
(vi) Catastrophic failure ensued with the complete tensile fracture of the 0° fibres. 
Extensive intra-ply splits were the most striking feature of Mechanism A prior to ultimate 
failure. Limited amounts of delamination localised at the interfaces next to the notch tips 
were also detected. These small delamination zones are believed to be a consequence of the 
interaction between the intra-ply splits of adjacent plies in the laminate. 
 The subcritical damage mechanisms described above are clearly observable in Figure 
3.11 and Figure 3.12. The ply-by-ply damage exhibited in the figures was obtained by slicing 
through the 3D tomographical reconstruction of a sharp notch specimen that was loaded to 
90% tensile failure. The localised delamination zones at the adjacent interfaces of each ply 
are highlighted in red in Figure 3.11, and a close-up of the limited 0° fibre fracture is shown 
in Figure 3.12. The damage sequence and fracture mechanisms observed in this study 
correlate well with the observations reported in the literature on the notched tensile fracture 
behaviour of CFRP (Garg, 1986; Xiao & Bathias, 1994; Hallett et al., 2009; Xu et al., 2014). 
3.3.2.2 Mechanism A (φ equals 15°) 
 When φ equals 15°, the loading is predominantly tensile with small amounts of shear 
stresses introduced into the specimen proportionally. Under this loading angle, specimens 
exhibited all the features of Mechanism A as seen when φ equals 0°: the dominant damage 
mechanism was the notch-blunting 0° splits, and intra-ply splits were seen to grow in all the 
ply orientations prior to ultimate failure. Ultimate failure, as in the case of φ equals 0°, was 
via the catastrophic tensile fracture of the load-bearing 0° fibres. However, there were a 
couple of subtle differences between Mechanism A for φ equals 15° and φ equals 0°: 
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(1) The small amounts of shear introduced by loading at φ equals 15° encouraged the 0° 
splits in the load-bearing 0° plies to grow more anti-symmetrically, see Figure 3.13. 
(2) The extent of intra-ply damage in the off-axis ±45° and 90° plies was generally less 
severe for φ equals 15° compared to φ equals 0° at the same level of loading. 
Compare Figure 3.13 with Figure 3.11. 
 
Fig. 3.11. Ply-by-ply (and inter-ply) damage in a quasi-isotropic specimen with a central sharp notch (a/w = 
0.25) under pure tension at 90% failure load (Mechanism A). 
 
Fig. 3.12. μCT-scan showing fibre tensile fracture in the 0° ply of a quasi-isotropic specimen with a central 
sharp notch that was loaded to 90% tensile failure load. (Image obtained with the kind assistance from the 
University of Virginia.) 
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Fig. 3.13. Ply-by-ply (and inter-ply) damage in a quasi-isotropic specimen with a central sharp notch (a/w = 
0.25) loaded at φ = 15° to 90% failure load (Mechanism A). 
 These minor differences might explain the downward sloping profile of Mechanism A 
in the failure envelope. The data suggests that introducing small amounts of shear to a 
predominantly tensile loaded specimen reduces the extent of notch tip damage. Notch tip 
damage, especially in the form of splits and delamination, is known to help increase the 
notched strength by reducing the stress concentration. Therefore, a lower extent of damage 
would explain why the tensile stress for failure is slightly lower for the φ equals 15° case 
compared to the φ equals 0° case, and hence why Mechanism A has a downward sloping 
profile in the failure envelope. 
3.3.2.3 Mechanism B 
 Under significant shear stresses, the mechanism switches from A to B: specimens 
loaded from φ equals 30° (combined tension and shear) to φ equals 90° (pure shear) all 
exhibited Mechanism B in their fracture response. The direction of shear loading in this study 
was established so that the +45° fibres carry the shear load in tension, and the -45° fibres 
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carry the shear load in compression. Because the compressive strengths of fibres are 
generally much lower than the tensile strengths, the critical load-bearing plies in the quasi-
isotropic specimens were the -45° plies. Hence, the dominant damage mechanisms associated 
with Mechanism B, as illustrated in Figure 3.10, were found to occur in the -45° ply 
orientation. These were the splits and microbuckles that grew from the notch tips in the -45° 
plies. They are believed to provide the familiar notch-blunting effects to the specimens. 
The observed damage sequence in the quasi-isotropic specimens for Mechanism B 
was as follows: 
(i) Anti-symmetrical splits in the 90° plies were first to initiate. 
(ii) Splits in the ±45° plies next developed. 
(iii) Microbuckling in the -45° plies initiated and propagated steadily. The path of the 
microbuckle was largely guided by the adjacent splits (in this case, the 90° splits). 
(iv) Significant delamination zones developed at the interfaces around the 
microbuckled region. Delamination was largely due to the extensive fibre 
compressive failure in the -45° plies. 
(v) Catastrophic failure ensued by microbuckle propagation across the entire width of 
the specimen. This was seen to occur at a constant value of shear stress for the 
sharp notch specimens (at approximately τ = 270MPa). 
These subcritical damage mechanisms are observed in the CT-scans of Figure 3.14. 
The specimen in the figure was loaded in pure shear (φ equals 90°) to 90% failure load, 
unloaded and then CT-scanned. 
A striking feature of the microbuckle in the -45° ply is that it advances in a straight 
path ahead of the notch on the macro-scale. Inspection at a higher magnification revealed that 
it consists of a periodic combination of splits and kink bands, see Figure 3.15. This observed 
feature of the microbuckle propagation resembles microbuckling tunnelling in fibre 
composites as analysed by Fleck and Zhao (2000). It is believed that the splits in the adjacent 
90° plies had a significant influence in guiding the microbuckles to grow in this way. The 
kink bands in the -45° plies were experimentally observed to be inclined at β ≈ 26°. This lies 
within the range of kink band inclination angles (β = 20-30°) as reported by Fleck (1997), 
further confirming the compressive failure of the -45° fibres as plastic microbuckling. 
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Fig. 3.14. Ply-by-ply (and inter-ply) damage in a quasi-isotropic specimen with a central sharp notch (a/w = 
0.25) under pure shear at 90% failure load (Mechanism B). 
 
Fig. 3.15. SEM micrograph of the microbuckle band in the -45° ply. 
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3.3.2.4 Mechanism C 
Mechanism C was exhibited when the notched specimens were subjected to direct 
compression. The dominant damage and critical failure mechanism as illustrated in Figure 
3.10 is the plastic microbuckling of the load-bearing 0° fibres. Microbuckles were detected to 
initiate at the notch tips of the 0° plies shortly prior to ultimate failure. They were seen when 
the specimen was loaded to 80% failure load. The level of loading at which the onset of 
microbuckling occurs is consistent with the data in literature (Soutis et al., 1991; Soutis et al., 
1993). 
 Small amounts of microbuckling at the notch tips in the adjacent ±45° plies were also 
observed prior to failure. Because of this, the ±45° plies are believed to provide additional 
support to the compressive response of the notched specimen. All these damage mechanisms 
along with their accompanying delamination zones are shown in the ply-by-ply CT-scans of 
Figure 3.16. 
 
Fig. 3.16. Ply-by-ply (and inter-ply) damage in a quasi-isotropic specimen with a central sharp notch (a/w = 
0.25) under compression at 90% failure load (Mechanism C). 
Although little splitting was observed, it is believed that splitting, especially in the 0° 
plies was present because of the delayed onset of the microbuckles at the notch tips and 
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higher-than-expected compressive strengths of the notched specimens (i.e. the compressive 
strength did not scale with the inverse of the stress concentration factor). Therefore, it is 
postulated that the splits were localised and were too small to be detected using CT-scan, but 
were sufficient to blunt the notch. 
3.3.3 The Effect of Stress Concentration 
 Two notch geometries (the sharp notch and the circular hole) were investigated in 
order to assess the role of stress concentration upon the notched fracture behaviour of 
laminated composites. Firstly, the effect of stress concentration on the failure envelope of the 
quasi-isotropic laminate is described. Figure 3.17 compares the failure envelopes for the 
sharp notch and the circular hole, as well as presents the observed regimes for Mechanisms 
A, B and C for each notch geometry. For both notch geometries, it is observed that 
Mechanism A is activated for 0° ≤ 𝜑 ≤ 15°, Mechanism B exists for 30° ≤ 𝜑 ≤ 90° and 
Mechanism C exists for 𝜑 = 180° (i.e. compression). Thus, the relative zone of dominance 
of the failure mechanisms are almost the same for the hole and sharp notch.  
 
Fig. 3.17. Failure envelopes of the quasi-isotropic laminate with a central sharp notch and circular hole. 
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 Nonetheless, there is a notable difference in the shape of the failure envelopes for the 
two geometries, see Figure 3.17. The failure envelope of the circular hole specimens exhibits 
a roughly parabolic profile (we interpolated the data in the compression-shear regime), 
whereas that of the sharp notch specimens exhibits a bi-linear shape. The circular hole 
specimens have the remarkable feature that the superposition of a low level tensile stress to 
shear loading, increases the shear component of strength. Interrupted tests revealed that a 
small level of tensile stress increases the extent of splitting in the specimens. For example, 
circular hole specimens loaded at φ = 60° had more extensive splits prior to failure than those 
loaded at φ = 90° (pure shear). These lengthened splits, particularly in the load-bearing -45° 
plies, relieved the stress concentration in the -45° plies due to the hole and thereby increased 
the shear failure stress. This phenomenon was not observed in the sharp notch specimens: 
specimens loaded at φ = 60° and φ = 90° had comparable amounts of damage, and the same 
value of shear failure stress. 
 Note further that the failure envelope of the sharp notch specimen lies outside that of 
the circular hole specimen. This is surprising because the sharp notch has a higher stress 
concentration than that of the circular hole. Recall that the elastic stress concentration factor, 
𝑘𝑇 for the circular hole is on the order of 3 for tension and 7 for shear loading. In contrast, the 
sharp notch induces a 𝑘𝑇 of approximately 7 for tension and 12 for shear. Consequently, if 
the response were notch-sensitive, then the sharp notch specimens would be much weaker 
than the circular hole specimens. 
 Further investigations into the level of subcritical damage in each specimen geometry 
explains this phenomenon. Interrupted tests revealed that the circular hole induced much less 
subcritical damage than that of the sharp notch for all stress states investigated. For example, 
Figure 3.18 shows the ply-by-ply damage in a circular hole specimen at the same level of 
tensile loading as that in Figure 3.11 (90% failure load). It is clear that the splits induced by 
the circular hole are significantly less extensive than those induced by the sharp notch. In 
fact, the stress-relieving splits in the 0° plies, are sufficiently short that they are not observed 
in the CT-scans of the circular hole specimens. Delamination at the interfaces was also too 
limited to be detected. As another example, compare the extent of the splits and microbuckles 
induced by the hole (Figure 3.19) and sharp notch (Figure 3.14) for Mechanism B (φ equals 
90°). Again, the circular hole induces much lower levels of subcritical damage at the same 
level of loading as the sharp notch: the splits in the -45° plies are much less extensive and the 
microbuckle bands are shorter for the circular hole. Note also that the microbuckle bands in 
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the -45° plies propagate along different paths for the two geometries, possibly due to the 
difference in adjacent ply splitting as can be seen in the figures. 
 It is concluded that notch tip damage alleviates the stress concentration, and accounts 
for the observation that the sharp notch specimens are consistently stronger than the circular 
hole specimens. 
 
Fig. 3.18. Ply-by-ply (and inter-ply) damage in a quasi-isotropic specimen with a central circular hole (a/w = 
0.24) under tension at 90% failure load (Mechanism A). 
The normalised net section strength 𝜎𝑁/𝜎0 is compared with the brittle limit 1/𝑘𝑇 in 
Table 3.1. Note that the inverse of 𝑘𝑇 represents the largest possible knockdown in specimen 
strength due to the presence of the notch. Conversely, the notch insensitive value of 1 
represents the other extreme whereby the presence of the notch does not alter the net section 
strength of the specimen at all. As seen in Table 3.1, the specimen strengths measured in the 
experiments lie somewhere between these two extremes, with the sharp notch specimen 
reporting a greater ratio of 𝜎𝑁/𝜎0 to 1/𝑘𝑇 compared to specimens with a central circular hole 
due to the greater degree of sub-critical damage. 
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Fig. 3.19. Ply-by-ply (and inter-ply) damage in a quasi-isotropic specimen with a central circular hole (a/w = 
0.24) under pure shear at 90% failure load (Mechanism B). 
Loading mode, φ Specimen 
Measured  
𝜎𝑁/𝜎0 
1
𝑘𝑇
 
Pure Tension, 0° 
Sharp Notch 0.85 0.15 
Circular Hole 0.78 0.31 
Pure Shear, 90° 
Sharp Notch 0.61 0.085 
Circular Hole 0.43 0.15 
Pure Compression, 180° 
Sharp Notch 0.51 0.15 
Circular Hole 0.49 0.31 
Table 3.1. Notch sensitivities of the specimens (sharp notch: a/w = 0.25; circular hole: a/w = 0.24). σN is the 
net-section notched strength and σ0 is the unnotched strength of the laminate. 
 A similar effect has been recently reported by Xu et al. (2014) whereby sharp notches 
were seen to be stronger than circular holes for tensile specimens (within a certain size 
regime). Xu et al. (2014) also attributed this result to the differing extents of damage induced 
in both specimen geometries. 
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3.3.4 Evolution of Damage 
 Interrupted tests and X-ray CT enabled the progression of subcritical damage within a 
single specimen to be monitored and quantified. The initiation and evolution of the dominant 
damage mechanisms for Mechanisms A, B and C are discussed in the following sub-sections. 
3.3.4.1 Splits in 0° Plies (Mechanism A) 
 Recall that splits at the notch roots in the 0° plies are the dominant subcritical damage 
mechanism for Mechanism A. Their evolution in the sharp notch specimen is plotted in 
Figure 3.20. Equivalent results for circular hole specimens are excluded because the 0° splits 
induced in those specimens were too short to be detected by the X-ray CT system (recall 
Figure 3.18). In the damage evolution chart of Figure 3.20, the split length 𝑙𝑠 is defined as the 
length of the main 0° split from its tip to the edge of the notch. The load levels at which these 
splits initiate have been obtained by extrapolating the data to 𝑙𝑠  0. 
 
Fig. 3.20. Evolution of 0° splits for Mechanism A prior to failure (sharp notch). 𝜎∞ is the applied remote stress, 
𝜎𝑓 is the failure stress, and 𝑙𝑠 is the 0° split length. 
 It is seen that 0° splits initiate at low loads at the roots of the sharp notch: at 20-40% 
failure load. The sharp notch creates large stress concentrations at its roots under remote 
stress and 0° splits form. As previously discussed, this mechanism provides significant notch-
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blunting effects by redistributing the stresses around the notch tips, which allows the 
composite specimen to be loaded to a higher remote stress before catastrophic failure ensues. 
As seen in Figure 3.20, once initiated, these splits grow almost linearly with increasing 
remote load, thereby blunting the notch to delay the onset of catastrophic failure. The 
evolution of the 0° splits appears to be broadly independent of loading angle φ within the 
regime of Mechanism A. 
3.3.4.2 Microbuckling in -45° Plies (Mechanism B) 
 The dominant subcritical damage mechanisms for Mechanism B were identified as 
splits and microbuckles in the load-bearing -45° plies. The splits were difficult to quantify for 
the following reasons: 
(1) They grew in split density as well as length in the sharp notch specimens, and 
(2) They were thin and short and thereby difficult to detect in the circular hole specimens. 
The length of the microbuckles 𝑙𝑚 in the -45° plies is used as a measure of damage for 
Mechanism B, see Figure 3.21. The initiation stress for these microbuckles is estimated by 
extrapolating their growth in Figure 3.21. 
 
Fig. 3.21. Evolution of microbuckling for Mechanism B prior to failure. 𝜎∞ is the applied remote stress, 𝜎𝑓 is 
the failure stress, and 𝑙𝑚 is the microbuckle length. 
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It is evident from Figure 3.21 that the evolution of microbuckling in the -45° plies is 
sensitive to notch geometry but not to loading angle φ. The sharp notch has the larger stress 
concentration and leads to earlier microbuckle initiation than the circular hole. Additionally, 
the microbuckle bands grow more extensively from the sharp notch than the circular hole 
prior to peak load. To gain insight into this feature, both geometries were simulated as linear 
elastic isotropic plates in plane stress in Abaqus FEA, and the stress fields were obtained in 
the absence of any damage. Laminate plate theory is then assumed such that the strain is 
uniform throughout the thickness of the specimen, but the stress can vary from ply to ply. 
Figure 3.22 shows these stress contours along the -45° fibre direction, for the sharp notch and 
circular hole configurations under pure shear loading (φ equals 90°). These stress values were 
normalised by the applied gross section stress. 
 
Fig. 3.22. Contours of normalised stresses along the -45° fibre direction, for the sharp notch and circular hole 
configurations under pure shear loading. 
It is clear from Figure 3.22 that microbuckle initiation in the -45° ply is at the location 
of highest compressive stress. However, the region of concentrated stress is smaller for the 
case of the notch than the hole. In other words, the notch induces a smaller stressed volume in 
the -45° ply in shear. A smaller stressed volume means that a higher stress state will 
potentially lie closer to the tip of the microbuckle once initiated which might encourage it to 
propagate further. Note that this remains as conjecture because stress states are known to 
change once damage initiates. However, it offers a potential explanation (along with the 
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previously-discussed influence of adjacent intra-ply splitting on microbuckle growth) of the 
observation that microbuckle lengths are larger for the notch than the circular hole in shear. 
3.3.4.3 Microbuckling in 0° Plies (Mechanism C) 
 Recall that uniaxial compression leads to microbuckling in the 0° plies from the end 
of the notch, along with 0° splitting. Although 0° splits were too short to be detected by 
penetrant-enhanced X-ray CT in our experiments, we believe that they must be present as 
they provide the stress-relieving effects needed to explain the high measured compressive 
strengths and delayed onset of microbuckling. Supporting evidence for the existence of these 
splits is reported elsewhere (Fleck, 1997; Soutis et al., 1991; Soutis et al., 1993). 
 The evolution of microbuckles in the 0° plies is plotted in Figure 3.23. 𝑙𝑚 is the length 
of the microbuckle, measured from its tip to the edge of the notch. Microbuckles initiate at 
𝜎∞/𝜎𝑓 ≈ 0.6 and grow linearly with increasing remote stress 𝜎∞ until a critical length, at 
which point catastrophic failure ensues. It should be noted that although it is deduced 
(through extrapolation) that microbuckling initiates at 60% failure load, it was only really 
observed at 80% failure load and in very limited amounts. Therefore, it is also possible that 
the initiation could take place anywhere between 60-80% failure load. These measurements 
are consistent with previous observations made by Soutis et al. (1991) and Soutis et al. 
(1993).  
 
Fig. 3.23. Evolution of microbuckling for Mechanism C prior to failure. 𝜎∞ is the applied remote stress, 𝜎𝑓 is 
the failure stress, and 𝑙𝑚 is the microbuckle length. 
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Fig. 3.24. Contours of normalised stresses along the 0° fibre direction, for the sharp notch and circular hole 
configurations under pure compressive loading. 
It is also clear from Figure 3.23 that the propagation of the microbuckles is 
comparable for both notch geometries. This is in sharp contrast to the evolution of 
microbuckling for Mechanism B. A similar study to the one done for Mechanism B, whereby 
the stress distribution in both notch geometries was computed through FE analysis, was 
performed for Mechanism C. It was found that the stressed volumes for both sharp notch and 
circular hole specimens are comparable for the compressive load case (in the absence of 
damage), consistent with the hypothesis on the effect of stressed volumes, and consistent with 
the observation that the propagation of microbuckling in Mechanism C is comparable for 
both notch geometries (See Figure 3.24).  
 
3.4 Discussion 
Examining the failure envelopes in Figure 3.17, it is clear that Mechanism A and 
Mechanism B are competing mechanisms as they each form separate and distinct regimes 
that transition into each other abruptly. This phenomenon is explained by the fact that the 
tensile stresses, responsible for Mechanism A and the shear stresses, responsible for 
Mechanism B are carried by different fibre orientations in the quasi-isotropic laminate (0° ply 
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orientation and -45° ply orientation, respectively). Failure is dictated by whichever load-
bearing ply orientation fails first. 
The characterisation of damage and failure mechanisms in this chapter largely agrees 
with the findings reported in the literature. The main features of Mechanism A (splitting, 
delamination and fibre fractures) have been widely reported in the literature for notched 
tensile specimens (Bishop, 1985; Garg, 1986; Lagace, 1986; Carlsson et al., 1989; Kortschot 
& Beaumont, 1990a; Wang et al., 2004; O’Higgins et al., 2008; Hallett et al., 2009; Scott et 
al., 2011; Sket et al., 2012; Xu et al., 2014). A “pull-out” type failure mechanism, as termed 
by Hallett et al. (2009) (see Figure 2.2), where failure is dominated by fibre breakage in the 
presence of large amounts of delamination and ply cracking, was identified for specimens 
failing through Mechanism A. Despite the mechanism still being dominated by 0° fibre 
tensile fracture, this is different to the results of a similar test done by Hallett et al. (2009), 
where a “brittle” type failure was reported. Perhaps the subtle differences in the stacking 
sequence ([45/90/-45/0]2S versus [45/0/-45/90]2S), aspect ratio (𝑤/𝑎 = 5 versus 4) and hole 
diameter (6.35mm versus 6mm) are responsible for this discrepancy. Nevertheless, the 
measured tensile strengths correlate well with the literature. For example, for a similar 
circular hole specimen, Hallett et al. (2009) reported a net section tensile strength of 
approximately 550MPa. We measured 580MPa. 
 Consider next Mechanism B. Subcritical damage initiated first in the form of intra-ply 
splits near the stress raisers. This agrees with the findings of Purslow (1981) and Purslow 
(1983). The subsequent damage modes identified in our work correlate well with the broad 
description of damage as reported by Hollmann (1991a & 1991b). (Note that Hollmann 
(1991a & 1991b) was not able to give detailed descriptions of damage due to limited 
visualisation technologies at the time.) In Hollmann (1991a), damage at the 45° and 90° 
angles are described to grow from the notch root into the tensile loaded region, whereas 
damage at the -45° angle grew into the compression loaded side. Delamination was also 
prominent. These features match our findings exactly, whereby in Mechanism B, 45° splits, 
90° splits and delamination are significant alongside microbuckling in the -45° plies. 
Hollmann (1991b) observed similar damage modes but could not determine with certainty the 
critical failure mode in shear (the tensile damage in the +45° plies was assumed to be the 
critical failure mode as it was more extensive). In this chapter, we have identified 
microbuckling of the -45° fibres as the dominant damage and critical failure mechanism for 
Mechanism B based on definitive results from the more advanced visualisation techniques 
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employed (X-ray CT and laminate de-ply). The appearance of the microbuckle, where the 
fibres break at two points to create a kink band inclined at β ≈ 26° and where the microbuckle 
width is approximately 5 times the fibre diameter (see Figure 3.15), correlates well with the 
features of a typical microbuckle (Soutis et al., 1993; Fleck, 1997). Additionally, the 
microbuckle in the -45° ply of the sharp notch specimen advances in a straight path ahead of 
the notch. It is believed that the splits in the adjacent 90° plies had a significant influence in 
guiding the microbuckles to grow in this way. This is supported by Soutis (1994), who asserts 
that off-axis plies in multi-directional laminates can influence microbuckling direction and 
growth. 
 The main features of Mechanism C (splitting, delamination and 0° fibre 
microbuckling) also agree with the literature (Fleck, 1997; Soutis et al., 1993; Sivashanker et 
al., 1996). Soutis et al. (1993) and Soutis (1994) report that the damage modes initiate at the 
notch tips at approximately 80% of the failure load and grows stably under increasing load to 
a length of 2-3mm before becoming unstable and propagating catastrophically across the 
width of the notched specimen. This is precisely what was observed in our experiments. Note 
that limited 0° splits were detected. However, it is postulated that they must be present as 
they are reported in the literature (Soutis, 1994) and the measured compressive strength of the 
laminate does not scale in inverse proportion to the stress concentration factor. It is concluded 
that the 0° splits were localised and were too small to be detected using X-ray CT, but were 
present nonetheless. 
 It is generally recognised that local damage creation reduces the stress concentration 
induced by the notch. This phenomenon has been extensively documented in the literature for 
tensile specimens (Bishop, 1985; Carlsson et al., 1989; Kortschot & Beaumont, 1990a; 
Hallett et al., 2009) and compressive specimens (Soutis, 1994). It is this crack-blunting effect 
that is attributed to explain why the notched strengths of the specimens failing through 
Mechanisms A, B and C do not scale in inverse proportion to the stress concentration factor 
𝑘𝑇. This is true for both notch geometries, see Table 3.1. Damage, mainly in the form of 
matrix splitting and delamination, redistribute the stresses away from the notch, thereby 
delaying final failure of the load-bearing ply orientations, which, in effect, strengthens the 
specimens. 
 This effect of damage on strength explains many trends seen in the failure envelopes. 
First, Mechanism A for both notch geometries exhibits a downward sloping profile because 
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the addition of shear stresses to predominantly tensile loaded specimens reduces the extent of 
notch tip damage: compare the damage state at 𝜑 = 15° (Figure 3.13) to the damage state at 
𝜑 = 0° (Figure 3.11). Second, the failure envelope of the circular hole specimens exhibits a 
roughly parabolic profile, whereas that of the sharp notch geometry exhibits a bi-linear 
profile because the addition of small levels of tensile stress to purely-sheared specimens 
(regime of Mechanism B) was seen to increase the amount of splitting in the circular hole 
geometry, but not in the sharp notch geometry (as discussed in Section 3.3.3). And third, the 
failure envelope of the sharp notch lies outside that of the circular hole because the sharp 
notch exhibits more extensive damage, particularly in the form of splits and delamination, 
than the circular hole for all stress states investigated. 
 The counter-intuitive result that sharp notch specimens, despite having a higher stress 
concentration, are stronger than equivalent open-hole specimens is well-documented in the 
literature, particularly for tensile specimens (Lagace, 1986; Carlsson et al., 1989; Eriksson & 
Aronsson, 1990; Xu et al., 2014). Hollmann (1991a) recorded a similar result for pure shear 
loading. We concluded in this study that this was due to the sharp notch inducing higher 
levels of damage, especially in the form of matrix splits at the notch tips, than the circular 
hole. This subsequently blunted the sharp notch more severely than the circular hole. This 
theory is well-supported by the findings of Xu et al. (2014) for notched tensile specimens and 
Hollmann (1991a) for notched shear specimens. We postulate that this is true for all stress 
states investigated on the quasi-isotropic specimens in this study. 
 
3.5 Conclusions 
 A novel loading fixture for imposing a wide range of in-plane loads, from pure shear 
to pure tension has been developed for centre-notched multi-directional CFRP specimens. 
This modified Arcan rig utilises friction gripping to transfer the loads into tabbed specimens. 
The ply-by-ply (and inter-ply) fracture mechanisms of quasi-isotropic CFRP specimens were 
identified for pure tension, pure compression, in-plane shear, and combined tension and shear 
loading using a combination of penetrant-enhanced X-ray CT and laminate de-ply. 
 Three distinct fracture mechanisms were observed, with the dominant mechanism 
dependent upon the ratio of shear to tensile stress. Mechanism A exhibited extensive intra-ply 
splits and limited delamination before final catastrophic tensile failure of the load-bearing 0° 
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plies. Mechanism B exhibited intra-ply splitting, delamination and plastic microbuckling of 
the -45° fibres prior to ultimate compressive failure of the -45° plies. Mechanism C was 
characterised by short microbuckles in the 0° plies developing before final catastrophic 
failure of the load-bearing 0° fibres in compression. The mechanisms are consistent with the 
literature where available. 
 The testing of specimens containing either a sharp notch or a circular hole, allowed 
for an assessment of the role of stress concentration upon strength and damage mechanism to 
be performed. Despite inducing appreciably larger stress concentrations, the sharp notches 
gave a smaller reduction in strength than the circular holes for all stress states investigated. 
The experiments revealed that the sharp notch induced greater amounts of damage in the 
form of splits and delamination in the load-bearing plies, prior to ultimate failure compared to 
the circular hole. The extensive damage in the sharp notch specimens relieved the initial 
stress concentrations so severely that it increased their net-section strengths beyond that of 
the circular hole specimens. Several other stress concentration effects (e.g. on the shape of 
the failure envelopes) could also be explained by the effect of damage on strength. 
 In the next phase of the study, a predictive tool for simulating the progressive damage 
and failure of CFRP laminates, as observed in the experiments, is developed. Details of this 
FE model, and comparisons of its predictions with the experimental results reported in this 
chapter, are discussed in the next chapter of the thesis. The challenge is to capture the damage 
development and the failure loci for the quasi-isotropic CFRP specimens with a central sharp 
notch and a central circular hole. 
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Chapter 4 
FINITE ELEMENT MODELLING OF NOTCHED 
CFRP UNDER MULTI-AXIAL LOADING 
Synopsis 
 The fracture behaviour of centre-notched quasi-isotropic CFRP laminates under 
multi-axial loading was investigated experimentally in the previous chapter. In this chapter, 
an FE model is built using the explicit version of the commercial software, Abaqus FEA to 
simulate the experimental results. The Abaqus in-built Hashin damage model is used to 
simulate damage in the plies. Four different modes of ply failure are accounted for: fibre 
tension, fibre compression, matrix tension and matrix compression. Delamination is captured 
by cohesive interfaces which are modelled using the Abaqus in-built traction-separation law. 
The simulations are able to predict the net-section strengths and failure envelopes for both the 
sharp notch and circular hole specimen geometries to adequate fidelity. The ply-by-ply (and 
inter-ply) subcritical damage evolution and the critical mechanisms of ultimate failure are 
also simulated for a wide range of multi-axial loading modes (pure tension, pure 
compression, in-plane shear, and combined tension and shear). Good correlation between the 
simulations and the experiments is reported. The importance of using the band broadening 
stress for the longitudinal compressive strength in the model is demonstrated and emphasised. 
The capabilities of the model are extended to predict the notched fracture behaviour of the 
specimens in the compressive-shear stress regime. 
 
4.1 Introduction 
 Over the past four decades, significant efforts have been made to develop predictive 
tools for composite laminate failure (refer to Section 2.5 of Chapter 2). These techniques 
have been applied extensively to predict the mechanical response and fracture behaviour of 
composites having a wide range of configurations. There have been numerous attempts to 
model the biaxial/multi-axial fracture response of composites, such as in the works of Sun & 
Tao (1998) and Dávila et al. (2003). However, the predictions of Sun & Tao (1998) were not 
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validated by experiments and Dávila et al. (2003) investigated only simple laminate lay-ups 
(unidirectional and crossply laminates). There is a need for experimentally-validated 
numerical simulations that predict the multi-axial fracture response of commercial 
composites. The development of such models will greatly assist in improving composite 
laminate design, since composite structures are frequently subjected to complex combined 
loading modes in practice.  
In this study, an FE strategy is employed to predict the progressive damage and 
failure in centre-notched quasi-isotropic CFRP laminates under multi-axial loading. 
Essentially, the Abaqus in-built progressive damage model is used to simulate the ply-by-ply 
damage in the specimen. The Hashin-Rotem failure criteria predict the onset of four different 
modes of intra-ply failure: fibre tension, fibre compression, matrix tension and matrix 
compression. Inter-ply delaminations are accounted for by cohesive interfaces as modelled 
using the Abaqus in-built traction-separation law. The predictions are summarised by 
considering the following: 
(1) The net section strengths and failure envelopes; 
(2) The ply-by-ply and inter-ply subcritical damage evolution; and 
(3) The mechanisms that dictate ultimate failure. 
Predictions are executed for both the sharp notch and circular hole specimen geometries, 
under a wide range of multi-axial loading modes (pure tension, pure compression, in-plane 
shear, and combined tension and shear). 
The extensive experimental programme carried out in the previous chapter provides a 
coherent set of data for assessing the reliability and accuracy of the model, particularly in the 
prediction of the above three aspects. This chapter presents the comparisons made between 
the predictions and the experiments in an effort to investigate the validity of the model. 
Ultimately, the purpose of this study is not to develop a model that yields results that fit the 
experimental data exactly. Rather, the aim is to investigate the validity of a simple FE 
approach (one that utilises independent and reliable material data as inputs) in predicting the 
complex multi-axial fracture behaviour of notched fibre composites, with no attempt to tune 
the assumed material properties. 
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4.2 Finite Element Model 
4.2.1 Description of FE Model 
 Three dimensional FE simulations of the progressive damage and failure in the centre-
notched quasi-isotropic CFRP laminate specimens under multi-axial loading were performed 
using the explicit version of the commercial FE package, Abaqus FEA (version 6.12). The 
23mm × 25mm gauge section of the specimen geometry was modelled, with the encastré 
boundary condition applied to its bottom surface and a moving dummy node loading its top 
surface through the rigid beam multi-point constraint (MPC), see Figure 4.1. The dummy 
node was located sufficiently far away so that the MPC lines close to the top edge of the 
gauge section were approximately parallel for uniform loading. Different multi-axial loading 
modes were simulated by varying the position and velocity direction of the dummy node (i.e. 
by varying loading angle φ). At the start of the simulation, the dummy node was imparted 
with a velocity that increased linearly from zero to a uniform velocity v0. Simulating 
specimen loading in this way greatly simplified the quantification of the applied loads. 
 
Fig. 4.1. Schematic of the FE model. Notch length, a = 6.25 (sharp notch), 6 (circular hole). 
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The [45/0/-45/90]2S quasi-isotropic laminate specimens were simulated as a ½ model 
with Z-symmetry boundary conditions applied to the mid-plane in order to improve 
computational efficiency. Each ply was modelled using a single layer of 8-noded reduced-
integration continuum shell elements (SC8R), and the interfaces between adjacent plies were 
each modelled using a single layer of 1μm thick cohesive elements (COH3D8). These 
cohesive interfaces that attached neighbouring plies together allowed for delamination to be 
captured by the FE model. The ‘general contact’ option in Abaqus was employed to simulate 
contact between all possible surfaces of the plies. The algorithm enforced hard normal 
contact and tangential behaviour with a friction coefficient of 0.6. This value of friction 
coefficient was experimentally measured by Schon (2000) for the IM7/8552 material system. 
The mesh topologies generated for the FE model are shown in Figure 4.2. They were 
the result of an extensive mesh sensitivity study. The mesh is denser near the stress raiser in 
order to capture accurately the elastic stress concentration factor 𝑘𝑇, with the characteristic 
length of the smallest element being approximately 50μm.  
 
Fig. 4.2. Mesh topologies and geometries for (a) the sharp notch specimen and (b) the circular hole specimen. 
 The application of explicit dynamics to model quasi-static events such as the 
progressive damage evolution in composites, as being done in this work, is computationally 
impractical if executed on a natural time period. Therefore, two approaches to artificially 
increase the speed of computation to obtain more economical solutions were undertaken: 
(1) increase the loading rate to reduce the time scale of the simulation, and  
(2) introduce mass scaling to increase the stable time increment so that fewer increments 
are needed to complete the job. 
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Inertial forces become significant as the speed of the process is increased. For this 
reason, several combinations of loading rates and stable time increments were explored. 
Ultimately, a loading rate of 0.01m/s and stable time increment of 1 × 10
-7
s (semi-automatic 
mass scaling) were chosen for the analysis as they yielded appropriate quasi-static solutions 
(i.e. inertial forces were insignificant as the ratio of kinetic energy to internal energy was 
considerably lower than 1%) in a reasonable amount of time (an average of 36 hours of CPU 
time per simulation). 
The main objectives of the FE model were to simulate the subcritical damage 
progression, and predict the failure loads and mechanisms of centre-notched quasi-isotropic 
CFRP laminates under pure tension, pure compression, in-plane shear, and combined tension 
and shear loading. To achieve this, the Abaqus in-built progressive damage model that 
employs Hashin’s failure criteria, was applied to the continuum shell elements of the plies. 
The cohesive interfaces that account for inter-ply delamination on the other hand were 
modelled using the Abaqus in-built traction-separation law. Details of these modelling 
strategies are comprehensively discussed in the following sub-sections. 
4.2.2 Brief Description of the Constitutive Model for Each Composite Ply 
 Abaqus offers a capability to model the progressive anisotropic damage and failure in 
fibre-reinforced materials. The in-built anisotropic damage model is based on the work of 
Hashin and Rotem (1973), Hashin (1980), Matzenmiller et al. (1995) and Camanho and 
Davila (2002). It requires that the initially undamaged material exhibit a linearly elastic 
response. Hashin’s initiation criteria are used to predict the onset of damage, and a fracture 
energy based constitutive law with linear material softening is used to predict damage 
evolution. Four different modes of failure are accounted for by the approach: 
(1) Fibre failure in tension; 
(2) Fibre kinking and buckling in compression; 
(3) Matrix cracking under transverse tension and shear; and 
(4) Matrix crushing under transverse compression and shear. 
 Each ply is simulated as a unidirectional fibre-reinforced laminate with the 1-axis in 
the fibre direction, 2-axis in the transverse direction and 3-axis normal to the plane of the ply, 
see Figure 4.3. The mechanical behaviour of the unidirectional ply is transversely isotropic 
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with respect to the fibre direction (i.e. 1-axis). The plies are thin enough to assume plane 
stress (𝜎33 = 𝜎13 = 𝜎32 = 0) and the response of the material is given by: 
(
𝜎11
𝜎22
𝜏12
) = 𝐶𝑑 (
𝜀11
𝜀22
𝜀12
) 
where 𝜀11 and 𝜀22 are the normal strains in the 1 and 2 directions respectively, and 𝜀12 is the 
shear strain. 𝜎11 and 𝜎22 are the normal stresses in the 1 and 2 directions respectively, and 𝜏12 
is the shear stress. 𝐶𝑑 is the secant modulus which incorporates the effects of damage and has 
the form: 
𝐶𝑑 =
1
𝐷
(
(1 − 𝑑𝑓)𝐸1 (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝑣21𝐸1 0
(1 − 𝑑𝑓)(1 − 𝑑𝑚)𝑣12𝐸2 (1 − 𝑑𝑚)𝐸2 0
0 0 (1 − 𝑑𝑠)𝐺𝐷
) 
where 𝐷 = 1 − (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝑣12𝑣21. Here, 𝑑𝑓 is a damage variable representing the 
current state of fibre damage, 𝑑𝑚 is a damage variable representing the current state of matrix 
damage and 𝑑𝑠 is a damage variable representing the current state of shear damage. 𝐸1 and 𝐸2 
are the Young’s moduli in the 1 and 2 directions respectively, and 𝐺 is the shear modulus in 
the 1-2 axes. 𝑣12 and 𝑣21 are Poisson’s ratios and are related by the usual equation 𝑣12 =
(𝐸1/𝐸2)𝑣21. 
 
Fig. 4.3. A sketch illustrating the local coordinate system for a unidirectional ply. 
 When the material is undamaged, the damage variables equal zero and the laminate 
exhibits linearly elastic behaviour. After damage has initiated, the mechanical response of the 
laminate degrades with increasing value of the damage variables, such that one or more 
moduli equal zero when a single damage variable becomes unity. The FE model employs 
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Hashin’s initiation criteria to predict the onset of the four different modes of failure. Define 
the four parameters 𝐹𝑡𝑓, 𝐹
𝑐
𝑓, 𝐹
𝑡
𝑚 and 𝐹
𝑐
𝑚 in terms of the stress state, as follows: 
(1) Fibre tensile failure:   𝐹𝑡𝑓 = (
?̂?11
𝑋𝑇
)
2
+ 𝛼 (
?̂?12
𝑆𝐿
)
2
   (?̂?11 ≥ 0) 
(2) Fibre compressive failure:  𝐹𝑐𝑓 = (
?̂?11
𝑋𝐶
)
2
     (?̂?11 < 0) 
(3) Matrix tensile failure:  𝐹𝑡𝑚 = (
?̂?22
𝑌𝑇
)
2
+ (
?̂?12
𝑆𝐿
)
2
   (?̂?22 ≥ 0) 
(4) Matrix compressive failure: 𝐹𝑐𝑚 = (
?̂?22
2𝑆𝑇
)
2
+ [(
𝑌𝐶
2𝑆𝑇
)
2
− 1]
?̂?22
𝑌𝐶
+ (
?̂?12
𝑆𝐿
)
2
 (?̂?22 < 0) 
where 𝑋𝑇 equals the longitudinal tensile strength, 𝑋𝐶  equals the longitudinal compressive 
strength, 𝑌𝑇 equals the transverse tensile strength, 𝑌𝐶  equals the transverse compressive 
strength, 𝑆𝐿 denotes the longitudinal shear strength and 𝑆𝑇 denotes the transverse shear 
strength. 𝛼 is a coefficient that determines the contribution of shear stress to the fibre tensile 
initiation criterion, and ?̂?11, ?̂?22 and ?̂?12 are the effective stresses used to evaluate the 
initiation criteria. The effective stresses are related to the true stresses through the following 
equation: 
(
?̂?11
?̂?22
?̂?12
) =
(
 
 
 
 
1
(1 − 𝑑𝑓)
0 0
0
1
(1 − 𝑑𝑚)
0
0 0
1
(1 − 𝑑𝑠))
 
 
 
 
(
𝜎11
𝜎22
𝜏12
) 
As previously noted, 𝑑𝑓, 𝑑𝑚 and 𝑑𝑠 are internal damage variables for fibre, matrix and shear 
damage, respectively. They are actually derived from damage variables 𝑑𝑡𝑓, 𝑑
𝑐
𝑓, 𝑑
𝑡
𝑚 and 
𝑑𝑐𝑚 which correspond to the four different modes of damage discussed above, according to 
the following relations: 
𝑑𝑓 = {
𝑑𝑡𝑓
 
𝑑𝑐𝑓
 
𝑖𝑓 ?̂?11 ≥ 0 
 
𝑖𝑓 ?̂?11 < 0
 
𝑑𝑚 = {
𝑑𝑡𝑚
 
𝑑𝑐𝑚
 
𝑖𝑓 ?̂?22 ≥ 0 
 
𝑖𝑓 ?̂?22 < 0
 
𝑑𝑠 = 1 − (1 − 𝑑
𝑡
𝑓)(1 − 𝑑
𝑐
𝑓)(1 − 𝑑
𝑡
𝑚)(1 − 𝑑
𝑐
𝑚) 
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Initially, there is no damage and 𝑑𝑓 = 𝑑𝑚 = 𝑑𝑠 = 0. A value of 1.0 or higher for 𝐹
𝑡
𝑓, 
𝐹𝑐𝑓, 𝐹
𝑡
𝑚 and 𝐹
𝑐
𝑚 indicates that the initiation criterion has been reached. Once this happens, 
the mode of damage evolves according to a fracture energy-based evolution law with linear 
material softening. In Abaqus, the initiation and progression of damage is expressed in a 
stress-displacement relationship. This is because the formulation involves a characteristic 
length in the constitutive law. This approach is advantageous because it alleviates mesh 
dependency during the evolution of damage. Each damage variable for the four failure modes 
evolves according to the stress-displacement constitutive relationship outlined in Figure 4.4.  
 
Fig. 4.4. Stress-displacement constitutive law governing the initiation and evolution of damage variables in the 
plies. 
As seen in the figure, the material initially exhibits linearly elastic behaviour prior to 
the initiation of damage. After damage is initiated at equivalent stress 𝜎𝑒𝑞
0 and equivalent 
displacement 𝛿𝑒𝑞
0
, the material linearly softens with the evolution of the respective damage 
variable, until the damage variable reaches unity at which point the material is deemed to 
have completely failed and can no longer sustain any stresses in that failure mode. Loading 
and unloading to and from a partially damaged state will occur along a linear path towards 
the origin as shown in Figure 4.4. 
The fracture energy 𝐺𝐶 associated with each failure mode is equals to the area under 
the stress-displacement curve. 𝐺𝐶 is an input parameter of the model and so by defining the 
value of 𝐺𝐶, the corresponding equivalent displacement for complete failure 𝛿𝑒𝑞
𝑓
 is also 
specified. 𝛿𝑒𝑞
0
 on the other hand, is computed from the elastic stiffness and strength 
parameters defined for the particular failure mode.  
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The equivalent displacement and stress for each of the four damage modes are 
different. They are defined as follows: 
(1) Fibre tension (?̂?11 ≥ 0):   
𝛿𝑒𝑞 = 𝐿
𝑐√〈𝜀11〉2 + 𝛼𝜀122, 𝜎𝑒𝑞 =
〈𝜎11〉〈𝜀11〉 + 𝛼𝜏12𝜀12
𝛿𝑒𝑞/𝐿𝑐
 
 
(2) Fibre compression (?̂?11 < 0): 
𝛿𝑒𝑞 = 𝐿
𝑐〈−𝜀11〉, 𝜎𝑒𝑞 =
〈−𝜎11〉〈−𝜀11〉
𝛿𝑒𝑞/𝐿𝑐
 
(3) Matrix tension (?̂?22 ≥ 0): 
𝛿𝑒𝑞 = 𝐿
𝑐√〈𝜀22〉2 + 𝜀122, 𝜎𝑒𝑞 =
〈𝜎22〉〈𝜀22〉 + 𝜏12𝜀12
𝛿𝑒𝑞/𝐿𝑐
 
(4) Matrix compression (?̂?22 < 0): 
𝛿𝑒𝑞 = 𝐿
𝑐√〈−𝜀22〉2 + 𝜀122, 𝜎𝑒𝑞 =
〈−𝜎22〉〈−𝜀22〉 + 𝜏12𝜀12
𝛿𝑒𝑞/𝐿𝑐
 
where 𝐿𝑐 is the characteristic length. 𝐿𝑐  is computed as the square root of the area of the 
continuum shell element in the reference surface. 〈 〉  represents the Macaulay bracket where 
the value is zero if the argument is negative.  
Additionally, during linear softening of the material after the failure criterion for a 
particular mode is met, the damage variable evolves according to the following equation: 
𝑑 =
𝛿𝑒𝑞
𝑓(𝛿𝑒𝑞 − 𝛿𝑒𝑞
0)
𝛿𝑒𝑞(𝛿𝑒𝑞
𝑓 − 𝛿𝑒𝑞
0)
 
This relationship is expressed graphically in Figure 4.5. As seen in the figure, the damage 
variable does not exceed unity. The model is designed to remove or delete an element once 
the damage variables for all failure modes at all material points reach unity. 
 Table 4.1 lists the assumed material parameters for each composite ply. They are all 
experimentally-measured values collated from the literature on the HexPly
®
 IM7/8552 
material system. None of these input parameters have been treated as fitting parameters so 
that the ability of the model, as implemented in the commercial FE code in Abaqus, can be 
investigated.  The sources of each parameter are quoted in the table. 
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Fig. 4.5. Damage variable as a function of equivalent displacement. 
Parameter Value Source 
Density, 𝜌 (kg/m3) 1570 Hexcel Composites (2013) 
Longitudinal Young’s modulus, 𝐸1 (GPa) 162 
Marlett (2011) 
Transverse Young’s modulus, 𝐸2 (GPa) 8.96 
Poisson’s ratio, 𝑣12 0.316 
Shear modulus, 𝐺12 (GPa) 4.69 
Shear modulus, 𝐺13 (GPa) 4.69 
Shear modulus, 𝐺23 (GPa) 3.97 Koerber & Camanho (2009) 
Longitudinal tensile strength, 𝑋𝑇 (MPa) 2560 Marlett (2011) 
Longitudinal compressive strength, 𝑋𝐶  (MPa) 
500 
(1730) 
Moran et al. (1995) 
(Hexcel Composites (2013)) 
Transverse tensile strength, 𝑌𝑇 (MPa) 64 
Marlett (2011) 
Transverse compressive strength, 𝑌𝐶  (MPa) 286 
Longitudinal shear strength, 𝑆𝐿 (MPa) 91.1 
Almeida (2005) 
Transverse shear strength, 𝑆𝑇 (MPa) 91.1 
Coefficient 𝛼 0 Russell et al. (2011) 
Longitudinal tensile fracture energy (kJ/m
2
) 81.5 
Camanho et al. (2007) 
Longitudinal compressive fracture energy (kJ/m
2
) 106 
Transverse tensile fracture energy (J/m
2
) 277 
Transverse compressive fracture energy (J/m
2
) 788 
Table 4.1. Input parameters for the plies of the laminate. 
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 Particular attention is drawn to the assumed longitudinal compressive strength 𝑋𝐶  of 
the plies. It can be seen from Table 4.1 that a value of 500MPa has been chosen, which is 
significantly smaller than the unnotched compressive strength of the ply (1730MPa). The 
reasons for this are outlined below. 
Recall from Chapter 2 that compressive failure of unidirectional laminates by plastic 
microbuckling involves several stages:  
(i) The initial mechanical response is linear elastic before incipient kinking.  
(ii) Shortly after incipient kinking, the peak load is attained and the material 
experiences geometric softening.  
(iii) At a certain point during geometric softening, the fibres lock up and band width 
broadening takes place at a steady state stress value. 
It has been well-documented by Moran et al. (1995), for example, that the presence of 
notches and imperfections causes the (nominal) peak stress to drop, and in very severe cases, 
it may approach the steady-state band broadening stress, see Figure 4.6. Therefore, a range of 
values can actually be inputted for 𝑋𝐶  in our FE model, from the highest peak stress 
(corresponding to the unnotched compressive strength of the ply) to the significantly lower 
band broadening stress. As the central notch is a severe imperfection, the band broadening 
stress is the most suitable value for 𝑋𝐶 . To test this hypothesis, the razor blade test was 
performed experimentally, whereby a sharp razor blade was used to sharpen the tips of an 
initially cut notch. This would start a microbuckle in the 0° plies, and hence reduce the peak 
stress for microbuckle propagation to the band broadening stress. 
It was found that the compressive strength of the specimen with the sharpened notch 
was identical to that of the regular specimen. The length of the microbuckle growth prior to 
ultimate failure as observed through X-ray CT was also the same for both specimens. This 
confirmed the hypothesis that the manufactured central notch was a large enough 
imperfection to cause the peak stress to approach the band broadening stress, and hence 
provided concrete evidence for using the band broadening stress value for 𝑋𝐶  in our model. 
According to Moran et al. (1995), the post critical steady state band broadening stress of a 
composite with an effective shear strength of 100MPa, can range between 200 and 800MPa. 
An average value within that range was employed - hence 500MPa was used for 𝑋𝐶  in the 
analyses of this study. 
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Fig. 4.6. Qualitative load-displacement curves for different unidirectional specimen geometries tested under 
axial compression. Adapted from Moran et al. (1995). 
The sensitivity of the notched strength to the value of 𝑋𝐶  is reported below: we take 
𝑋𝐶  to equal either the unnotched compressive strength of the ply (1730MPa) or the band 
broadening stress (500MPa). It will be demonstrated that the band broadening stress for 𝑋𝐶  
yields much more accurate predictions than the unnotched compressive strength of the ply. 
4.2.3 Cohesive Law for the Interface between Plies 
 The three dimensional 8-noded cohesive element (type COH3D8 of Abaqus) was 
used to attach the unidirectional plies in the laminates to each other and were made to 
simulate traction-separation behaviour so that the FE model could capture possible 
delaminations between the plies. Figure 4.7 illustrates the spatial representation of the three 
dimensional cohesive element and its deformation modes.  
The cohesive relationship defined in terms of a traction-separation law assumes an 
initial linear elastic behaviour followed by the initiation and progression of damage. In 
Abaqus, the default constitutive thickness for the traction-separation response is unity. This 
was not altered in our model, hence the nominal strain of the cohesive elements equal the 
separation. (Note: the constitutive thickness is different from the geometric thickness which 
was set as 1μm in our FE model.) 
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Fig. 4.7. (a) Spatial representation of the 3D cohesive element. (b) Deformation modes of the cohesive element. 
 There are three components of traction in the cohesive layer: the normal traction 𝑡𝑛 
(along the local 3-direction) and the two shear tractions, 𝑡𝑠 (along the local 1-direction) and 𝑡𝑡 
(along the local 2-direction). The work-conjugate normal and shear separations are denoted 
by 𝛿𝑛, 𝛿𝑠 and 𝛿𝑡. The traction-separation relation of the cohesive element is of the form: 
𝑡𝑛 = {
(1 − 𝐷)𝑘𝑛𝛿𝑛
 
𝑘𝑛𝛿𝑛
 
𝛿𝑛 > 0
 
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
𝑡𝑠 = (1 − 𝐷)𝑘𝑠𝛿𝑠 
𝑡𝑡 = (1 − 𝐷) 𝑘𝑡𝛿𝑡 
where 𝑘𝑛 is the normal stiffness, and 𝑘𝑠 and 𝑘𝑡 are the shear stiffnesses. Here, the scalar 
damage variable 𝐷 represents the overall damage in the material. 𝐷 takes a value between 
zero and unity, with zero representing an undamaged material and unity representing a fully 
damaged material.  
Figure 4.8 shows the typical traction-separation response of a cohesive element. In the 
figure, 𝑡𝑛
0, 𝑡𝑠
0 and 𝑡𝑡
0 are the peak tractions when the deformation is either purely normal to 
the interface or purely in the 1- or 2-direction, respectively. Likewise, 𝛿𝑛
0
, 𝛿𝑠
0
 and 𝛿𝑡
0
 are 
the values of separation at damage initiation when the deformation is either purely normal to 
the interface or purely in the 1- or 2-direction, respectively. To describe the progression of 
 88 
 
damage under a combination of normal and shear deformations, the effective displacement 
𝛿𝑚 is used. It is defined as follows: 
𝛿𝑚 = √〈𝛿𝑛〉2 + 𝛿𝑠
2 + 𝛿𝑡
2
 
 
Fig. 4.8. Typical traction-separation response of the cohesive elements at the interface. 
As seen in Figure 4.8, the initial undamaged response (𝐷 = 0) of the cohesive 
element is linear elastic. This response is altered by the initiation of damage, which is 
predicted by the maximum nominal stress criteria in our FE model. The criteria assume that 
damage initiates when the maximum nominal stress ratio reaches a value of one. It is 
represented analytically as: 
𝑚𝑎𝑥 {
〈𝑡𝑛〉
𝑡𝑛
0 ,
𝑡𝑠
𝑡𝑠
0 ,
𝑡𝑡
𝑡𝑡
0} = 1 
Once the damage initiation criterion is met, the corresponding damage mode evolves 
according to the damage evolution law below (proposed by Camanho & Davila (2002)) with 
linear material softening: 
𝐷 =
𝛿𝑚
𝑓(𝛿𝑚
𝑚𝑎𝑥 − 𝛿𝑚
0)
𝛿𝑚
𝑚𝑎𝑥(𝛿𝑚
𝑓 − 𝛿𝑚
0)
 
where 𝛿𝑚 is the effective displacement and more specifically, 𝛿𝑚
𝑚𝑎𝑥
 is the maximum value 
of the effective displacement attained during the loading history. Note that the cohesive layer 
does not experience any damage under pure compression. 
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 The evolution of damage is based on fracture energy in our model. The fracture 
energy 𝐺𝑛
𝐶 , 𝐺𝑠
𝐶 , 𝐺𝑡
𝐶
 is equal to the area under the traction-separation curve (see Figure 4.8). 
The dependence of overall 𝐺𝐶 on mode mixity has been defined in terms of the power law 
fracture criterion where the exponent is equals to 1.0. The decision to adopt this approach 
was made upon noting that Li et al. (2008) obtained accurate results by adopting this same 
approach. The power law criterion states that failure under mixed-mode conditions is dictated 
by a power law interaction of the fracture energies and is expressed as: 
(
𝐺𝑛
𝐺𝑛
𝐶) + (
𝐺𝑠
𝐺𝑠
𝐶) + (
𝐺𝑡
𝐺𝑡
𝐶) = 1 
When the above condition is satisfied, 𝐺𝐶 = 𝐺𝑛 + 𝐺𝑠 + 𝐺𝑡. The critical fracture energies to 
cause failure in the normal and two shear directions (i.e. 𝐺𝑛
𝐶
, 𝐺𝑠
𝐶
 and 𝐺𝑡
𝐶
) are in fact, input 
parameters into the model.  
 When the damage variable 𝐷 attains the value of unity, the cohesive element is 
deemed to have failed and is removed or deleted from the model. 
Parameter Value Source 
Density, 𝜌 (kg/m3) 1300 
Hexcel Composites 
(2013) 
Normal stiffness, 𝑘𝑛 (GPa m
-1
) 7.61×10
5
 
- Shear stiffness (1-direction), 𝑘𝑠 (GPa m
-1
) 1.37×10
5
 
Shear stiffness (2-direction), 𝑘𝑡 (GPa m
-1
) 1.37×10
5
 
Nominal stress (normal-only mode) for damage 
initiation, 𝑡𝑛
0 (MPa) 
76.1 Marlett (2011) 
Nominal stress (1-direction) for damage initiation, 
𝑡𝑠
0 (MPa) 
137 
Hexcel Composites 
(2013) Nominal stress (2-direction) for damage initiation, 
𝑡𝑡
0 (MPa) 
137 
Normal mode fracture energy, 𝐺𝑛
𝐶
 (J/m
2
) 208 
Hansen & Martin 
(1999) 
Shear mode fracture energy (1-direction), 𝐺𝑠
𝐶
 (J/m
2
) 1330 
Shear mode fracture energy (2-direction), 𝐺𝑡
𝐶
 (J/m
2
) 1330 
Table 4.2. Input parameters for the interfaces between the plies of the laminate. 
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 Table 4.2 lists the input parameters for the cohesive elements. With the exception of 
the stiffnesses, all of the input parameters are experimentally-measured and were collated 
from the literature on the HexPly
®
 IM7/8552 system. It should be noted that the choice for 
the stiffnesses of the cohesive layer is somewhat arbitrary. The main requirement is for them 
to be sufficiently large for numerical stability. Therefore, they have been estimated by 
assuming the values of 𝛿𝑛
0
 to be 0.1μm, and 𝛿𝑠
0
 and 𝛿𝑡
0
 to be 1μm. This gave stiffnesses that 
were sufficiently high to ensure numerical stability.  
None of these input parameters have been treated as fitting parameters so that the 
ability of the model, as implemented in the commercial FE code in Abaqus, can be 
investigated. 
 
4.3 Results 
The FE strategy was used to predict: 
(1) The net-section strength and failure envelopes; 
(2) The ply-by-ply and inter-ply subcritical damage evolution; and 
(3) The critical mechanisms of ultimate failure 
for both the sharp notch and circular hole specimen geometries, under a wide range of multi-
axial loading modes (pure tension, pure compression, in-plane shear, and combined tension 
and shear). The predictions of the FE model were compared with the experimental data of 
Chapter 3 in order to investigate the accuracy of the numerical approach. It is demonstrated 
below that good correlation is obtained between the simulations and the experiments, 
validating the FE approach. Its capabilities were subsequently extended to predict the notched 
fracture behaviour of quasi-isotropic laminates in the compression-shear regime, for which 
data exist in the literature. 
4.3.1 Failure Envelopes 
 The FE simulations were run for a time period that was sufficiently long to capture 
the onset of final catastrophic failure. Final failure was indicated by a large and sudden drop 
in the load-displacement response. This was coincident with a peak in the ratio of kinetic 
energy to internal energy of the system, which reflects the dynamic response of catastrophic 
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composite failure. The maximum loads applied through the dummy node were resolved into 
their tensile/compressive and shear components, and were subsequently converted into net-
section strength values. These values were plotted in the tensile/compressive-shear stress 
space to construct the failure envelopes of the centre-notched quasi-isotropic CFRP laminate 
specimens. 
 Figure 4.9 illustrates the failure envelopes for the sharp notch specimen generated 
from setting 𝑋𝐶  as 1730MPa (unnotched compressive strength) and as 500MPa (band 
broadening stress). The figure compares these numerically predicted failure envelopes with 
the experimentally-measured failure envelope. Experimental data are marked in black, FE 
results employing 1730MPa as 𝑋𝐶  are marked in red and FE results employing 500MPa as 
𝑋𝐶  are marked in blue. 
 
Fig. 4.9. Failure envelopes in the tensile-shear stress space generated from experiments and from the FE model 
(sharp notch specimen). 
 As indicated in the figure, the FE model is capable of capturing the same fracture 
mechanisms as those observed in the experiments (i.e. Mechanism A and Mechanism B in the 
tensile-shear stress space) – their features will be discussed in more detail in the subsequent 
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sections. It is clear from the figure that setting 𝑋𝐶  as 1730MPa yields a failure envelope with 
a shape that bears little resemblance to the experiments. The pure tensile strength and pure 
shear strength of the specimens are severely over-estimated. The regimes for Mechanism A 
(indicated by triangular markers) and Mechanism B (indicated by circular markers) are also 
poorly predicted, with the failure strengths exhibiting a trend that is inconsistent with the 
measured data. Furthermore, the angle 𝜑𝑡 at which Mechanism A transitions into Mechanism 
B is predicted to be 75°. This is different from the observed value of 𝜑𝑡 = 30° in the 
experiments. 
 The general trends of the experimentally derived failure envelope are more accurately 
predicted by setting 𝑋𝐶  as 500MPa. The regime for Mechanism A is correctly predicted as 
0° ≤  𝜑 < 30° and the regime for Mechanism B is also correctly predicted as 30° ≤  𝜑 ≤
90°. It follows that the value of 𝜑𝑡 is predicted to be 30° which correlates with the 
experiments. Employing 500MPa as 𝑋𝐶  additionally yields reasonably accurate strength 
predictions that are generally slightly conservative to the experiments. 
 This result, along with the findings of the razor blade test (discussed in Section 4.2.2) 
confirm the validity and cogency of using the band broadening stress value as the 
longitudinal compressive strength 𝑋𝐶  of the plies in the analysis of notched laminates. This 
strategy allows a simple FE model to capture the complex multi-axial fracture behaviour of 
notched fibre composites. 
 Using the estimated value of 500MPa for 𝑋𝐶 , the failure envelopes for both the sharp 
notch and circular hole configurations of the quasi-isotropic laminate were predicted by the 
FE model. A comparison of the predictions with the corresponding experimental data is 
presented in Figure 4.10. The continuous black lines represent the experimental failure 
envelopes and the discontinuous blue lines represent the predicted failure envelopes. Overall, 
good correlation between the experiments and the predictions can be observed. The failure 
strengths are predicted with reasonable accuracy and the correct mechanisms are adequately-
captured by the FE model. 
However, the few minor discrepancies between the predictions and the experiments 
are worth highlighting. First, the FE model predicts the angle 𝜑𝑡 at which Mechanism A 
transitions into Mechanism B for the circular hole configuration to be 45°, whereas 
experiments reveal that 𝜑𝑡 for the circular hole specimen is 30°, see Figure 4.10 (b). Second, 
 93 
 
the model predicts a slightly larger degree of interaction between Mechanism A and 
Mechanism B than experimentally observed for the sharp notch specimen: note the curved 
profile of the predicted failure envelope in Figure 4.10 (a).  
 
Fig. 4.10. A comparison of the predicted failure envelope with the experimentally measured failure envelope for 
(a) the sharp notch configuration, and (b) the circular hole configuration. 
 Nevertheless, the overall trends of the experimentally-derived failure envelopes are 
captured reasonably well by the FE model. This gives confidence to its predictive 
capabilities. The FE model was therefore used to predict the compressive-shear failure 
envelope of the quasi-isotropic specimens for which experiments have not been performed 
but for which literature data exist.  
Recall from Section 2.2.4 that Jelf & Fleck (1994) discovered that under combined 
compression and shear, unnotched unidirectional composites fail through plastic 
microbuckling. The addition of torsion or shear to a compressively loaded specimen did not 
alter the primary failure mechanism. However, the axial compressive strength was seen to 
decrease linearly to zero as the shear stress parallel to the fibres increased to the composite 
shear strength. Edgren et al. (2006) noted a similar mechanism in unnotched quasi-isotropic 
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non-crimp fabric (NCF) laminates under axial compression and shear: kink bands were 
responsible for failure. 
 The FE model developed herein predicts the same trends (as reported in literature for 
unnotched laminates) for the centre-notched quasi-isotropic CFRP laminate specimens in our 
study. As seen in Figure 4.10, both the sharp notch specimen and the circular hole specimen 
fail through Mechanism C (indicated by square markers) when loaded in combined 
compression and shear. As previously discussed in Chapter 3, the dominant damage and 
critical failure mechanism for Mechanism C is the plastic microbuckling of the load-bearing 
0° plies. This is the same as the experimental observations of Jelf & Fleck (1994) and Edgren 
et al. (2006) for unnotched laminates. Additionally, the predicted compressive strength 
decreases in an almost linear fashion with increasing shear stress, giving rise to the near-
linear slope of the failure envelope in the compressive-shear stress space in both failure 
envelopes of Figure 4.10. This is similar to the results of Jelf & Fleck (1994) as described 
above. 
 It is evident from the results reported above that the FE model is adequate for 
prediction of the failure envelopes of the quasi-isotropic specimens. The minor 
inconsistencies noted could perhaps be addressed by finding a value of band broadening 
stress for 𝑋𝐶  that will yield more precise predictions. However, the purpose of this work is 
not to preselect a set of parameters that will yield results that fit the experimental data 
exactly. Rather, the aim is to test the reliability and accuracy of an approach that uses credible 
basic material parameters as inputs. The results obtained thus far are encouraging. 
4.3.2 Damage and Failure Mechanisms 
 Three distinct sequences of damage and failure have been identified and characterised 
from the extensive experimental study previously conducted: termed Mechanisms A, B and 
C. Their unique features have been described in detail in Section 3.3.2 of Chapter 3.  
 The FE model has been able to capture all the major features of each Mechanism such 
as the dominant damage and critical failure mechanisms as well as their occurrence as a 
function of loading mode. The predicted regimes in the failure envelopes where each 
Mechanism operates in have been outlined in the previous section (Section 4.3.1) and they 
correlate well with the experimental results. In this section, details of the subcritical damage 
evolution and critical failure mechanisms, as predicted by the FE model for Mechanisms A, B 
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and C, are reviewed and discussed. They are compared with corresponding experimental 
observations of damage and failure to assess the accuracy of the predictions. 
4.3.2.1 Mechanism A (φ equals 0°) 
 When φ equals 0°, the loading is pure tension. The most prominent feature of 
subcritical damage for this loading mode is the extensive intra-ply splitting that occurs in 
each ply orientation of the laminate. The FE model predicts this, and a comparison of the 
predicted and measured subcritical damage modes in each ply of the quasi-isotropic laminate 
is shown in Figure 4.11. The results are compared at the same level of loading, and as can be 
seen in the figure, reasonably good correlation is achieved.  
 Of all damage modes, the most important one is arguably the symmetrical splits at the 
notch tips in the load-bearing 0° plies. These 0° splits are responsible for blunting the notch 
by redistributing the large stresses ahead of the notch tips, which delays the onset of ultimate 
failure caused by the catastrophic tensile fracture of the 0° fibres. As seen in Figure 4.11, the 
extent of these 0° splits in the sharp notch specimen appears to be under-predicted by the FE 
model. Despite this, the failure strength of the specimen at φ = 0° is well predicted: see 
Figure 4.10 (a). This suggests that even though the prediction of damage was approximate, it 
was sufficient to yield accurate strength predictions. 
 The FE model allows the first signs of damage initiation to be calculated, thereby 
enabling the damage sequence for Mechanism A to be identified. The FE model reveals that 
intra-ply splitting occurs early on in the loading process (at approximately 18% failure load). 
This is true for all ply orientations. However, the splits in each ply orientation grow at 
different rates. The splits in the 90° plies grow the fastest, followed by the off-axis ±45° splits 
and then the on-axis 0° splits. This explains why the 90° splits are seen first in the 
experiments followed by the ±45° splits and then the 0° splits (note: the X-ray CT technique 
has a finite resolution). The model suggests that splits initiate at the same level of loading in 
all ply orientations to provide the familiar notch-blunting effects, but are observed at different 
stages of loading due to their different growth rates. 
The limited amounts of fibre tensile fracture that occur prior to ultimate failure in the 
load-bearing 0° plies are also captured by the model. A comparison of the predicted fibre 
tensile damage with a μCT-scan of the fibre tensile damage at 90% failure load is shown in 
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Figure 4.12. As seen in the figure, the extent of fibre tensile damage is slightly under-
predicted. Nevertheless, this mode of subcritical damage is well-captured by the model. 
Finally, the critical failure mechanism for Mechanism A is also well-predicted by the 
model as being fibre tensile failure of the load-bearing 0° plies: see Figure 4.13. 
 
Fig. 4.11. A comparison between the predicted and measured ply-by-ply damage in the quasi-isotropic specimen 
with a central sharp notch (a/w = 0.25) under pure tension at 90% failure load (Mechanism A). 
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Fig. 4.12. Fibre tensile damage in the 0° ply of the quasi-isotropic specimen with a central sharp notch that was 
loaded to 90% failure load; FE prediction and experimental measurement (μCT-scan). 
 
Fig. 4.13. (a) Predicted fibre tensile failure (red elements) in the 0° ply after ultimate failure. (b) A photograph 
of a de-plied 0° ply after ultimate failure (Mechanism A). 
4.3.2.2 Mechanism A (φ equals 15°) 
 When φ equals 15°, the loading is predominantly tensile with small amounts of shear 
stresses introduced into the specimen proportionally. As previously discussed, a limited 
amount of shear stresses causes the specimens to exhibit all the features of Mechanism A as 
seen when φ equals 0°, except that the splits in the load-bearing 0° plies become anti-
symmetrical. This notable feature is captured well by the FE model. Figure 4.14 shows a 
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comparison of the predicted and measured subcritical damage modes at 90% failure load. The 
figure shows reasonable agreement between the predictions and the experiments. 
 
Fig. 4.14. A comparison between the predicted and measured ply-by-ply damage in the quasi-isotropic specimen 
with a central sharp notch (a/w = 0.25) at φ equals 15° loaded to 90% failure load (Mechanism A). 
 In addition, the FE model is capable of predicting the evolution of the anti-
symmetrical 0° splits (which are the dominant damage mechanism) at φ equals 15° with great 
accuracy. The splits are seen to initiate very early in the loading process. Once initiated, they 
grow approximately linearly with increasing remote load. Figure 4.15 shows a comparison of 
 99 
 
the predicted 0° split length with the experimentally-measured 0° split length. Good 
correlation is evident. 
 
Fig. 4.15. A comparison of the predicted and experimentally-measured split lengths in the 0° ply of the sharp 
notch specimen when loaded at φ equals 15° (Mechanism A). 
4.3.2.3 Mechanism B 
 Recall that the dominant damage mechanism associated with Mechanism B is the 
microbuckling that grows from the notch tips in the load-bearing -45° plies. The FE model 
accurately captures this important feature and encouragingly, also predicts its evolution with 
reasonable accuracy. Figure 4.16 presents a comparison of the predicted and experimentally-
observed microbuckling in the -45° ply orientation at different levels of loading. The sharp 
notch specimens in the figure have been loaded in pure shear (φ equals 90°). 
 As can be clearly seen in Figure 4.16, the extent and growth of microbuckling under 
pure shear appear to be well-predicted by the model. However, the direction in which the 
microbuckle bands grow is predicted differently from what is observed in the experiments. In 
the experiments, the microbuckles are seen to advance in a linear path that propagates straight 
ahead of the notch, whereas the simulations predict that the microbuckles grow at an angle 
from the notch. The reason for this discrepancy is not immediately clear. However, one 
possible reason could be that the model does not capture the effect of adjacent splitting upon 
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the direction of microbuckle propagation. Soutis (1994) asserts that off-axis plies in multi-
directional laminates can influence microbuckling direction and growth. 
 
Fig. 4.16. A comparison of the predicted and measured evolution of microbuckling in the -45° ply orientation of 
the sharp notch specimen (a/w = 0.25) loaded in pure shear (φ equals 90°). 
  
Fig. 4.17. A comparison of the predicted and experimentally-measured microbuckling lengths in the -45° ply of 
the sharp notch specimen when loaded at φ equals 30° (Mechanism B). 
Nevertheless, good correlation can be seen between the predicted and measured 
microbuckle lengths, see the comparison of prediction and measurement of microbuckle 
evolution at φ = 30° (Mechanism B), as shown in Figure 4.17. The initiation at approximately 
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40% failure load and the progressive microbuckle growth trends are predicted with high 
accuracy by the FE model. 
 Finally, the FE model correctly predicts the dominant failure mechanism for 
Mechanism B as plastic microbuckling of the load-bearing -45° plies. Failure ensues when 
the microbuckles grow across the width of the specimen: see Figure 4.18 for a comparison of 
the predicted and experimentally-observed post-critical fibre compressive failure in the -45° 
plies. 
 
Fig. 4.18. (a) Predicted fibre compressive failure (red elements) in the -45° ply after ultimate failure. (b) A 
photograph of a de-plied -45° ply after ultimate failure (Mechanism B). 
4.3.2.4 Mechanism C 
 Recall that the dominant subcritical damage mechanism for Mechanism C is the 
plastic microbuckling of the load-bearing 0° fibres. The FE model predicts this mode of 
damage and its evolution with increasing remote load: see Figure 4.19. The predicted 
microbuckle lengths correlate well with the observed microbuckle lengths at each level of 
loading. 
 The model correctly predicts that failure is dictated by the compressive fracture of the 
0° fibres: ultimate failure occurs when the microbuckles in the 0° plies propagate 
catastrophically across the width of the specimen. Figure 4.20 shows a comparison of the 
predicted and experimentally-observed post-critical fibre compressive failure in the 0° plies. 
Good correlation is clearly seen between the predictions and the experiments. 
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Fig. 4.19. A comparison of the predicted and measured evolution of microbuckling in the 0° ply orientation of 
the sharp notch specimen (a/w = 0.25) loaded in direct compression (φ equals 180°). 
 
Fig. 4.20. (a) Predicted fibre compressive failure (red elements) in the 0° ply after ultimate failure. (b) A 
photograph of a de-plied 0° ply after ultimate failure (Mechanism C). 
4.3.2.5 Delamination 
 Delamination at the interfaces is predicted by cohesive elements. A comparison of the 
predicted and observed delamination zones (by X-ray CT) prior to ultimate failure for each 
Mechanism has been compiled. Figure 4.21 presents the results. Fairly good correlation 
between prediction and experiment can be observed. For Mechanism A, the delamination 
zones are localised at the notch tips and appear to be a consequence of the interaction 
between adjacent intra-ply splits. The FE model captures these features with success. For 
Mechanism B, the delamination is more extensive and occurs mostly around the 
microbuckled region. It is believed to be due to the compressive failure of the -45° fibres. 
The FE model also predicts these features with reasonable success. Finally, for Mechanism C, 
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delamination accompanies the limited amounts of 0° fibre microbuckling prior to ultimate 
failure. This too is predicted with reasonable success. 
 
Fig. 4.21. A comparison of the experimentally-observed and numerically-predicted delaminations for 
Mechanisms A, B and C. 
4.3.2.6 Additional Remarks 
 FE simulations have been performed for two notch geometries: the sharp notch and 
the circular hole. However, the damage and failure predictions that have been presented thus 
far have been focussed exclusively on the sharp notch configuration only. This is because 
prior experiments have confirmed that the modes of damage and failure in a composite are 
almost insensitive to the type of stress raiser. Furthermore, the extent of damage induced by 
the sharp notch is generally larger than that induced by the circular hole.  
Figure 4.22 presents the predicted and experimentally-observed damage mechanisms 
in the ply of interest for each Mechanism at 90% failure load for the circular hole 
configuration. Very good correlation between the predictions and experiments can be seen. 
For Mechanism A, the splits that grow at the edge of the hole in the 0° ply orientation were 
experimentally observed to be limited to the extent that the X-ray CT technique could not 
capture clear images of the splits in the circular hole specimen. These localised splits were 
captured by the FE model as being very limited. For Mechanism B, it is clear from Figure 
4.22 that the splits and microbuckling that develop at the edge of the hole in the -45° plies are 
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predicted by the model: their locations and growth directions are accurately simulated. 
Finally, the microbuckle that develops prior to catastrophic failure for Mechanism C is also 
well-predicted by the model, as can be seen in Figure 4.22.  
 
Fig. 4.22. A comparison of the predicted and observed dominant damage mechanisms exhibited by the circular 
hole specimens (a/w = 0.24) for Mechanisms A, B and C at 90% failure load. 
The ply-by-ply damage in a circular hole specimen is also well-predicted: see Figure 
4.23 for a representative example of this. The figure shows a comparison between the 
predicted and measured ply-by-ply damage in the circular hole specimen at φ = 30° loaded to 
90% failure load (Mechanism B). It is clear from the figure that the FE model produces 
accurate predictions of reality. 
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Fig. 4.23. A comparison between the predicted and measured ply-by-ply damage in the quasi-isotropic specimen 
with a central circular hole (a/w = 0.24) at φ equals 30° loaded to 90% failure load (Mechanism B). 
 
4.4 Discussion 
 Limited literature exists to establish the relative fidelity of our FE predictions 
compared to alternative numerical approaches. Despite numerous attempts to predict the 
failure envelopes of laminates such as in the works of Sun & Tao (1998), Gotsis et al. (1998) 
and Davila et al. (2005), no direct comparison can be made between the predicted failure 
envelopes in this chapter and in the literature. This is because, to the author’s knowledge, the 
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failure envelopes of centre-notched quasi-isotropic CFRP laminates in the tensile-shear stress 
space have not been previously modelled. Sun & Tao (1998) reported predictions of the 
tension/shear failure envelope for the [90/±30/90] lay-up and tension/tension failure envelope 
for the quasi-isotropic lay-up. Gotsis et al. (1998) reported the tension/shear failure envelopes 
for the unidirectional and [90/±30]S lay-ups. Davila et al. (2005) predicted the failure 
envelopes for only unidirectional and crossply laminates. Most of the predictions in literature 
were also only for unnotched laminates. 
 In the literature, the prediction of progressive damage and failure in notched quasi-
isotropic laminates is largely focussed on the pure tension case (Hallett et al., 2009, Li et al., 
2012, Chen et al., 2014). A brief comparison between the accuracy of our model and 
alternative models in this respect is now discussed. Hallett et al. (2009) and Li et al. (2012) 
developed an FE approach which explicitly modelled delamination and splits using interface 
elements, and fibre failure using a progressive statistical failure theory. This approach 
assumed the form and location of damage a priori. Owing to the detailed modelling of the 
individual damage modes, the prediction of tensile damage was accurate. The extent of the 
intra-ply splits, including for the important 0° splits were captured with high accuracy. This is 
an advantage compared to our model where the extent of 0° splits was under-predicted, see 
Figure 4.11. However, adopting the FE strategy of Hallett et al. (2009) and Li et al. (2012) to 
improve the accuracy of our predictions will come at a cost to the simplicity of our model due 
to the wide range of subcritical damage mechanisms exhibited in Mechanisms A, B and C. 
Besides, the failure strength of the tensile specimen is well predicted by our model, see 
Figure 4.10. This suggests that the current approach is sufficient to yield accurate strength 
predictions.  
Chen et al. (2014) developed a combined elastoplastic damage model which 
accounted for both plasticity and damage effects to represent the mechanical response of 
composite layers through a user-defined material subroutine. Delamination was accounted for 
by using cohesive layers. Chen et al. (2014) found excellent correlation with their 
experiments for the progressive failure of [0/45/90/-45]2S and [02/452/902/-452]S AS4/PEEK 
laminates with central circular holes subjected to in-plane tension. They compared their 
elastoplastic model with the Abaqus in-built progressive damage model (which was what we 
employed) and found that the analyses using the Abaqus model excessively overestimated the 
tensile failure loads. This is because Chen et al. (2014) took the unnotched compressive 
strength of the ply to be the longitudinal compressive strength 𝑋𝐶  parameter. We obtained the 
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same result (i.e. an overestimation of the tensile strength) when we inputted the unnotched 
compressive strength as 𝑋𝐶 , see Figure 4.9. However, upon switching the unnotched 
compressive strength to the band broadening stress for 𝑋𝐶 , we attained excellent correlation 
for the tensile strength of the laminate (refer to Section 4.3.1). 
 The minor discrepancies between our simulations and experiments could be due to 
several factors. First, the assumed value for the band broadening stress was estimated and not 
measured. Second, the same value of 𝑋𝐶  was adopted for both notch geometries. It is 
conceivable that the sharp notch and circular hole require different input values for 𝑋𝐶  as the 
peak stress in the initiation and propagation of microbuckles differs with the severity of the 
imperfection introduced into the specimen and is not necessarily equal to the band 
broadening stress for both cases (refer to Figure 4.6). Third, the current constitutive law that 
applies linear material softening to the plies, once damage is initiated, is idealised and may 
not be representative of the actual strain softening response. Next, laminate ply-by-ply failure 
analysis is performed on the basis of the 2D stress field in the laminate. In reality however the 
failure mechanisms are more complicated than those assumed in the 2D analysis. More 
complex damage initiation criteria could be employed such as the LaRC02 criteria developed 
by Davila et al. (2005), an enhanced version of Hashin’s failure criteria. Lastly, our FE model 
is simple and perhaps lacks the detailed damage modelling of other numerical approaches 
such as in Hallett et al. (2009), Li et al. (2012), Daghia & Ladevèze (2012) and Chen et al. 
(2014). Nevertheless, the results shown in this chapter prove that our FE model is adequate. 
 
4.5 Conclusions 
 Three dimensional FE simulations of the progressive damage and failure in composite 
laminates under multi-axial loading were performed using the explicit version of the 
commercial FE package, Abaqus FEA. The mesh insensitive FE strategy employed the 
Abaqus in-built progressive damage model for the plies of the laminate and the Abaqus in-
built traction-separation model for the cohesive interfaces. The model results were 
summarised by considering the following: 
(1) The net section strengths and failure envelopes; 
(2) The ply-by-ply and inter-ply subcritical damage evolution; and 
(3) The critical mechanisms of ultimate failure. 
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Predictions were executed for both the sharp notch and circular hole specimen geometries, 
under a wide range of multi-axial loading modes (pure tension, pure compression, in-plane 
shear, and combined tension and shear). The results obtained from the FE model were 
compared with the experimental data reported in Chapter 3 of this dissertation in order to 
assess the reliability and accuracy of the numerical approach. Reasonably good correlation 
was obtained between the simulations and the experiments. The net-section strengths and 
hence the failure envelopes for the sharp notch and circular hole configurations were 
predicted with reasonable accuracy. All dominant damage and critical failure mechanisms 
exhibited by the specimens as a function of loading mode (i.e. Mechanisms A, B and C) were 
also captured by the model with adequate precision.  
 These results validated the FE approach, which allowed its capabilities to be 
subsequently extended to predict the notched fracture behaviour of the specimens in the 
compression-shear regime. The model predicted that plastic microbuckling of the 0° plies 
was the critical failure mechanism in this regime. Furthermore, the axial compressive 
strengths of the specimens were seen to decrease with increasing applied shear stress. These 
findings are similar to the literature on unnotched laminates under combined compression and 
shear. 
 The importance of using the band broadening stress for the longitudinal compressive 
strength parameter 𝑋𝐶  of the plies was demonstrated. Based on the simulation results and the 
razor blade test results, this strategy was shown to provide a physically-sound means of 
enabling a simple FE model to yield reliable predictions. The precise value for the band 
broadening stress was not known and an assumed value of 500MPa (based on sources in the 
literature) was employed in this work. It is believed that the predictions of the FE model 
could be improved by varying the value of band broadening stress to optimise the solution. 
However, the purpose of this work was not to preselect a set of parameters that will yield 
results that fit the experimental data exactly. Rather, the aim was to assess the validity of a 
simple FE approach that utilises experimentally-ascertained material parameters as inputs. 
This chapter successfully proved the reliability and accuracy of the model in predicting the 
complex multi-axial fracture behaviour of notched quasi-isotropic CFRP laminates. 
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Chapter 5 
THE EFFECT OF LAMINATE LAY-UP ON THE 
NOTCHED FRACTURE BEHAVIOUR OF CFRP 
Synopsis 
The effect of laminate lay-up on the notched fracture behaviour of CFRP is 
investigated by studying three laminate lay-ups under multi-axial loading alongside the 
previously-tested quasi-isotropic lay-up (QI): a 0° ply-dominated lay-up (0dom), a ±45° ply-
dominated lay-up (45dom) and a cross-ply lay-up (CP). The investigation consists of two 
parts: an experimental part and a numerical part. Experiments reveal that all lay-ups exhibit 
Mechanisms A, B and C, as described in Chapters 3 and 4. However, the extent of damage in 
each Mechanism as well as the regime in which each Mechanism operates in in the failure 
envelopes strongly depend on the lay-up of the specimen. As expected, the tensile strengths 
and compressive strengths increase with the proportion of 0° plies. Surprisingly, the shear 
strengths do not scale with the proportion of ±45° plies. Experiments also show that, for all 
lay-ups, higher levels of damage prior to failure generally lead to higher notched strengths. 
However, it would be inaccurate to use damage levels such as split lengths to assess the 
extent of the notch-blunting effects between lay-ups. In contrast to the case of QI, the extent 
of subcritical damage induced by the circular hole is not always lower than that induced by 
the sharp notch for the other lay-ups. Finally, the FE model is adequate in predicting the 
multi-axial fracture behaviour of the various laminate lay-ups. This validates the adopted FE 
strategy.  
 
5.1 Introduction 
 The notched fracture behaviour of fibre composite laminates is influenced by a wide 
range of factors. These include laminate configuration, material system, geometry of stress-
raiser, loading direction and environmental conditions, inter alia (Awerbuch & Madhukar, 
1985). The lay-up of a laminate is typically a design variable, allowing the material to offer a 
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large scope for optimisation. This motivates investigations into the effect of laminate lay-up 
on the mechanical response and fracture behaviour of fibre composites. 
A brief review of the literature has already been presented in Section 2.6.2 of Chapter 
2. As outlined therein, studies on the effects of laminate lay-up have been mainly limited to 
the uniaxial loading of composites. Equivalent work for shear loading has been reported to a 
much lesser degree, and to the author’s knowledge, no significant work on the subject has 
been done for combined tension and shear loading. In this chapter, the effect of laminate lay-
up will be examined by varying the proportions of the 0° plies and ±45° plies in the 
specimens. Three laminate lay-ups are investigated alongside the previously-tested quasi-
isotropic lay-up: a 0° ply-dominated lay-up, a ±45° ply-dominated lay-up and a cross-ply lay-
up.  
The investigation is split into two phases. The first phase involves employing the 
experimental programme previously developed in Chapter 3 to investigate the effects of 
laminate lay-up upon: 
(1) The failure envelopes; 
(2) The notched strengths and notch sensitivities; and 
(3) The damage and failure mechanisms. 
The second phase comprises efforts to evaluate the adequacy of the FE strategy outlined in 
Chapter 4 in predicting the experimental measurements of notched strength, and the 
experimental observations of damage and failure as a function of lay-up. Investigations are 
conducted for both the sharp notch and circular hole specimen geometries. Where relevant, 
results are analysed together with the findings pertaining to the quasi-isotropic lay-up 
(reported in Chapters 3 & 4) to assist in the research of the topic. 
 This chapter begins by first summarising the experimental procedure and numerical 
strategy from Chapters 3 & 4 respectively. The experimental findings are then discussed to 
shed light on the observed effects of laminate lay-up upon the notched fracture behaviour of 
composites under multi-axial loading. The accuracy of FE predictions is assessed for the 
selected multi-directional lay-ups. The aim of this chapter is to better understand the role of 
lay-up in influencing the multi-axial fracture behaviour of notched fibre reinforced composite 
laminates, with particular reference to damage evolution.  
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5.2 Methods 
5.2.1 Experimental Procedure 
 HexPly
®
 IM7/8552 laminates with varying proportions of 0° plies and ±45° plies 
were hand laid-up and autoclaved according to the standard cure cycle prescribed by the 
manufacturer. The laminate lay-ups are shown in Table 5.1. All lay-ups were symmetric and 
consisted of 16 plies, resulting in an approximate laminate thickness of 2mm except the 
cross-ply lay-up (CP), which had 15 plies and an approximate thickness of 1.875mm. This 
minor difference in laminate thickness was overcome by analysing all strengths as net-section 
stresses. 
Laminate type Abbreviation Lay-up 
Proportion of plies (%) 
0° ±45° 90° 
Quasi-isotropic QI [(45/0/-45/90)2]S 25.0 50.0 25.0 
0° ply-dominated  0dom (04/±45/02)S 75.0 25.0 0 
±45° ply-dominated 45dom (±45/0/±45/90/±45)S 12.5 75.0 12.5 
Cross-ply CP [(0/90)3/0/9̅0]S 53.3 0 46.7 
Table 5.1. HexPly
®
 IM7/8552 laminate lay-ups under investigation.  
The as-cured CFRP panels were machined to produce the sharp notch and circular 
hole specimen geometries by employing the techniques detailed in Section 3.2.1 of Chapter 3. 
The final specimen dimensions are illustrated in Figure 3.1 in that same section. The two 
notch geometries allowed for an assessment of the role of stress concentration upon strength 
and damage mechanism.  
The specimens were tested quasi-statically at a loading rate of 0.5mm/min in pure 
tension, pure compression, in-plane shear, and combined tension and shear using the novel 
modified Arcan rig assembly. They were loaded without interruption to failure in order to 
measure the net-section failure stresses.  At least three specimens for each configuration were 
tested to assess the degree of scatter. Interrupted tests were performed on selected specimens 
to observe the subcritical damage evolution. A combination of penetrant-enhanced X-ray CT 
and microscopy of de-plied specimens was employed to aid ply-by-ply damage visualisation. 
Full details of the loading method (modified Arcan rig) and the damage visualisation 
techniques are given in Sections 3.2.2 and 3.2.3 of Chapter 3, respectively. 
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5.2.2 Finite Element Model 
 The FE model developed in Chapter 4 was employed in this study to further assess the 
accuracy and reliability of the simple FE strategy. Full details on the model, from the mesh 
topology to the techniques undertaken to increase computation speed, are given in Section 
4.2.1. The various laminate lay-ups (i.e. 0dom, 45dom and CP) were simulated by simply 
orientating the local coordinate system of each ply/layer accordingly. 
 The plies were modelled using the Abaqus in-built progressive damage model, in 
which initially undamaged material exhibits a linearly elastic response. Hashin’s initiation 
criteria predict the onset of damage, and a fracture energy-based constitutive law with linear 
material softening predicts damage evolution. The constitutive law utilises a characteristic 
length parameter in its formulation so that mesh dependency is alleviated during damage 
evolution. Four different modes of failure are accounted for: 
(1) Fibre failure in tension; 
(2) Fibre kinking and buckling in compression; 
(3) Matrix cracking under transverse tension and shear; and 
(4) Matrix crushing under transverse compression and shear. 
The interfaces between adjacent plies were modelled as cohesive layers so that inter-
ply delamination is captured. The cohesive interfaces were modelled using the Abaqus in-
built traction-separation law, which assumes an initial linear elastic behaviour followed by 
the initiation and progression of damage. The maximum nominal stress criteria were used to 
predict the initiation of damage. Once damage has initiated, linear material softening ensues 
for the cohesive elements. 
The input parameters into the model were experimentally-measured values as collated 
from the literature on the HexPly
®
 IM7/8552 material system. None of them were treated as 
fitting parameters so that the ability of the model, as implemented by the commercial FE code 
in Abaqus, could be investigated. The use of the band broadening stress (estimated value of 
500MPa) for the longitudinal compressive strength parameter 𝑋𝐶  of the plies is emphasised. 
Its use was shown in the previous study (Chapter 4) to produce accurate and reliable 
predictions that correlated well with the experimental data. All input parameters and further 
information on the modelling strategies are taken from Sections 4.2.2 and 4.2.3. 
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The FE model was used to predict the net-section strength, failure envelope, 
subcritical damage evolution and critical failure mechanisms for each laminate lay-up under 
pure tension, pure compression, in-plane shear, combined tension and shear, and combined 
compression and shear. Both sharp notch and circular hole specimen geometries were 
modelled. The predictions were compared with the experimental data to assess the 
capabilities of the numerical approach. 
 
5.3 Experimental Results 
5.3.1 Failure Envelopes 
 All specimen configurations failed from the central stress raiser in their gauge 
sections in a sudden catastrophic manner, except the CP lay-up in shear which failed through 
gradual load-drops. A representative load-crosshead displacement curve of the CP lay-up 
under pure shear is shown in Figure 5.1. This observed fracture response was due to the 
absence of the -45° plies in the CP specimens: the -45° plies carried the applied shear loads, 
as discussed in Section 3.3.2.3. The sudden catastrophic load-drops observed in all the other 
cases are associated with the ultimate failure of the load-bearing fibres. In contrast, the CP 
lay-up failed under remote shear by a combination of intra-ply splitting and inter-ply 
delamination, explaining the gradual load-drops at failure. Therefore the CP lay-up could not 
be ‘sheared’ in the more familiar sense and was not explored in the combined tension and 
shear study. 
For the remainder of the specimen configurations, their net-section strengths were 
calculated from the measured peak loads and the average values were plotted in a tensile-
shear stress space. This allowed their failure envelopes to be constructed. The scatter in the 
results was small (1-10%), and so error bars have not been included. Figure 5.2 presents the 
failure envelopes of the various laminate lay-ups for the sharp notch specimen geometry. The 
three distinct Mechanisms A, B and C that were observed in the QI lay-up were also observed 
in the 0dom and 45dom lay-ups. Their regimes in the failure envelope of each lay-up are 
indicated by different symbols: 
(1) Mechanism A is indicated by triangles; 
(2) Mechanism B is indicated by circles; and 
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(3) Mechanism C is indicated by squares. 
 
Fig. 5.1. Typical load-crosshead displacement curve of a centre-notched CP specimen (a/w = 0.25) under pure 
shear. 
 Additional data points for the 0dom lay-up are desirable to construct its failure 
envelope (for 0° < 𝜑 < 15°). However this was limited by the capability of the modified 
Arcan rig, which could only apply loading at intervals of 15°. Generally, the trends as 
reported in Chapter 3 for the QI lay-up are seen in the failure envelopes for the other laminate 
lay-ups. First, Mechanism A is exhibited at significant tensile stress and relatively low shear 
stress, whereas Mechanism B is induced when the opposite is true. Mechanism C occurs 
when the specimens are loaded in compression. Second, the regime for Mechanism A has a 
downward sloping profile for all the lay-ups, showing that the tensile stress required for 
causing failure through Mechanism A reduces with increasing shear stress. The regime for 
Mechanism B on the other hand has an approximately vertical profile for all the lay-ups, 
suggesting that failure through Mechanism B occurs at a specific value of shear stress for 
each lay-up. Third, it is clear from Figure 5.2 that the competing nature between Mechanism 
A and Mechanism B that is observed in the QI specimens, is also apparent in the 0dom and 
45dom lay-ups: Mechanism A and Mechanism B form separate and distinct regimes in the 
failure envelope that transition abruptly, regardless of lay-up. 
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Fig. 5.2. Failure envelopes (with curve-fitting lines) for the sharp notch specimen geometry (a/w = 0.25). 
 However, there is one major discrepancy in the trends of the failure envelopes of the 
various laminate lay-ups. The angle 𝜑𝑡 at which Mechanism A transitions to Mechanism B is 
different for each lay-up. 𝜑𝑡 is approximately 15° for the 0dom lay-up, 30° for the QI lay-up 
and 45° for the 45dom lay-up. It is concluded that 𝜑𝑡 reduces with increasing proportions of 
0° plies. The competing nature between Mechanism A and Mechanism B along with their 
different strengths for each lay-up offer an explanation for this phenomenon. As illustrated in 
Figure 5.2, the tensile failure stresses for Mechanism A increase as the proportion of 0° plies 
rises from the 45dom lay-up to the QI lay-up and to the 0dom lay-up. The shear failure 
stresses for Mechanism B however is almost insensitive to the proportion of ±45° plies. Thus, 
the combined loading needed to switch the failure from Mechanism B to Mechanism A as the 
proportion of 0° plies increases from 45dom to QI to 0dom requires a combination of higher 
applied tensile stress and lower applied shear stress. This ensures that the fibre tensile failure 
of the 0° plies (Mechanism A) is achieved before microbuckling of the -45° plies 
(Mechanism B). 
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Fig. 5.3. Failure envelopes (with curve-fitting lines) for the circular hole specimen geometry (a/w = 0.24). 
These observations of the failure envelopes for the sharp notch specimens are also 
seen in the failure envelopes for the circular hole specimens except for one aspect: the 
interaction between the competing mechanisms (Mechanism A versus B) was much more 
pronounced for the circular hole specimens. Note the curved profiles of the failure envelopes 
in Figure 5.3. The reasons for this have been discussed in Section 3.3.3 of Chapter 3 and have 
to do with the effect of subcritical damage on strength. 
 Recall from Figure 3.17 that for the QI lay-up, the net-section strength (for all stress 
states investigated) were greater for specimens with a sharp notch than a circular hole. In 
other words, the failure envelope of the QI sharp notch specimen lies outside that of the 
circular hole specimen. Figures 5.4 and 5.5 present an equivalent comparison between the 
failure envelopes of the sharp notch specimen and that of the circular hole specimen, for the 
0dom and 45dom lay-ups, respectively. It is clear that the trends seen for the QI specimens 
are not replicated exactly for the 0dom and 45dom lay-ups. 
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Fig. 5.4. Failure envelopes of the 0dom laminate with a central sharp notch and circular hole. 
 
Fig. 5.5. Failure envelopes of the 45dom laminate with a central sharp notch and circular hole. 
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Figure 5.4 shows that the net-section strengths (for all stress states investigated) are 
comparable for both 0dom notch geometries; the failure envelopes overlap each other. 
Likewise, Figure 5.5 shows that the net-section strengths for Mechanisms A and C are 
independent of notch shape, whereas the net-section strengths for Mechanism B are higher 
for the sharp notch specimen than the circular hole specimen. Interrupted tests revealed that 
an explanation is the extent of splitting induced at the notch tips in the load-bearing plies: the 
more extensive the splits, the stronger the specimen. A discussion on the experimental 
evidence of this is presented in a later section. 
5.3.2 Notched Strengths and Notch Sensitivities 
 To simplify the discussion on how lay-up affects the notched strengths and notch 
sensitivities of the specimens, results relating to three loading cases are considered in detail: 
pure tension, pure shear and pure compression. The pure tension case (𝜑 = 0°) represents the 
regime of Mechanism A, the pure shear case (𝜑 = 90°) represents the regime of Mechanism 
B and the pure compression case (𝜑 = 180°) represents the regime of Mechanism C.  
Figure 5.6 presents the net-section tensile strengths of all the laminate lay-ups as a 
function of the proportion of 0° plies in the laminates, for both the sharp notch and circular 
hole specimens. It is seen that the net-section tensile strength scales almost linearly with the 
proportion of 0° plies in the laminates. This trend is not entirely surprising given the fact that 
fibre tensile failure of the 0° plies was identified as the critical failure mechanism in pure 
tension (Mechanism A). Increasing the proportion of 0° plies increases the number of fibres 
to break in order to achieve complete failure, and hence, also increases the net-section tensile 
strength of the laminate specimens. 
Figure 5.7 presents the net-section compressive strengths of all the laminate lay-ups 
as a function of the percentage of 0° plies in the laminates. Results for both the sharp notch 
and circular hole specimen geometries under pure compressive loading are presented. The 
net-section compressive strength of the laminate generally increases with the proportion of 0° 
plies. This is consistent with the fact that compressive failure of the laminate is dictated by 
the microbuckling of the load-bearing 0° plies (Mechanism C). 
Figure 5.8 presents the net-section shear strengths of all lay-ups as a function of the 
percentage of ±45° plies in the laminates. Results for both the sharp notch and circular hole 
specimen geometries under pure shear loading are given. Despite the fact that the critical 
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failure mechanism for the loading case of pure shear being identified as microbuckling of the 
-45° plies (Mechanism B), the net-section shear strength is almost independent of the 
proportion of ±45° plies. 
 
Fig. 5.6. Net-section tensile strength as a function of the proportion of 0° plies (pure tension, 𝜑 = 0°). Sharp 
notch: a/w = 0.25; circular hole: a/w = 0.24. 
 
Fig. 5.7. Net-section compressive strength as a function of the proportion of 0° plies (pure compression, 
𝜑 = 180°). Sharp notch: a/w = 0.25; circular hole: a/w = 0.24. 
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Fig. 5.8. Net-section shear strength as a function of the proportion of ±45° plies (pure shear, 𝜑 = 90°). Sharp 
notch: a/w = 0.25; circular hole: a/w = 0.24. 
 The strengths of the sharp notch specimens are either slightly higher than or 
comparable to the strengths of the circular hole specimens, regardless of lay-up (see Figures 
5.6 to 5.8). This result is counter-intuitive as sharp notches generally have much higher stress 
concentrations than circular holes. It is concluded that the sharp notch in these cases gives 
rise to a greater degree of subcritical damage than that of the circular hole (this will be shown 
later). 
The results presented above can be converted into notch sensitivity charts to more 
fully illustrate the effects of stress concentration and damage on notched behaviour. Figure 
5.9 shows charts of notch sensitivity as a function of lay-up for the cases of pure tension 
(Mechanism A), pure shear (Mechanism B) and pure compression (Mechanism C). Separate 
charts are plotted for the sharp notch and circular hole specimens. The notch insensitive lines 
were constructed from the unnotched strengths of each laminate. These were calculated 
through laminate plate theory; the Tsai-Hill failure criterion was used to predict the failure of 
the critical load-bearing ply in the unnotched laminate. The notch sensitive lines on the other 
hand were constructed from numerical calculations of the applied stress required to initiate 
the respective critical failure mechanisms in the CFRP specimens, in the absence of damage. 
A simple linear elastic FE model was used to do this in Abaqus CAE. The notch sensitive 
lines represent the highest possible knockdown in specimen strength due to the presence of 
the notch. Conversely, the notch insensitive line represents the other extreme whereby the 
presence of the notch does not alter the net-section strength of the specimen at all. 
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Fig. 5.9. Notch sensitivity charts as a function of lay-up for (a) pure tension on the sharp notch geometry (Mech. 
A), (b) pure tension on the circular hole geometry (Mech. A), (c) pure shear on the sharp notch geometry (Mech. 
B), (d) pure shear on the circular hole geometry (Mech. B), (e) pure compression on the sharp notch geometry 
(Mech. C), and (f) pure compression on the circular hole geometry (Mech. C). 𝜎𝑁 and 𝜏𝑁 are the notched 
strengths, and 𝜎0 and 𝜏0  are the unnotched strengths of the laminate. 
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 Figure 5.9 shows that all the experimental results lay between these two extremes. 
This suggests that subcritical damage near the notches/stress raisers plays a significant role in 
reducing the initial stress concentration and increasing the specimen strengths from notch 
sensitive behaviour. Figure 5.9 clearly shows that this increase in the notched strength away 
from the notch sensitive line is more pronounced in the sharp notch specimens than in the 
circular hole specimens for all three loading modes being considered. 
 For the case of pure tension (Figure 5.9 (a) & (b)), although the notch sensitivity is 
seen to decrease slightly with the proportion of 0° plies, all specimen lay-ups appear to be 
almost notch-insensitive, with 𝜎𝑁/𝜎0 ≈ 0.75 for all lay-ups and both stress raisers. 
Specimens loaded in pure shear (Figure 5.9 (c) & (d)) exhibit an increased notch sensitivity 
with the proportion of ±45° plies in the laminate. This is due to the fact that the notched shear 
strength is almost constant for all lay-ups, whereas the unnotched shear strength value, as 
predicted by laminate plate theory, increases with the proportion of ±45° plies. Why do the 
experimentally-measured notched shear strengths not scale with the proportion of ±45° plies 
considering that the -45° ply orientation is the critical load-bearing ply orientation? One 
possible explanation is the change in orthotropy: a similar trend is given by the notch 
sensitive line as given by 1/𝑘𝑇, where 𝑘𝑇 is the stress concentration factor from a linear 
elastic Abaqus calculation. Non-linear calculations including damage development are 
reported below, and also reveal this trend. 
Finally, for the case of pure compression (Figure 5.9 (e) & (f)), it appears that the 
proportion of ±45° plies influences the notch sensitivities of the laminates. As the proportion 
of ±45° plies increases, the compressively-loaded specimens become less notch sensitive, 
with the experimental data diverging away from the notch sensitive line. This result correlates 
with the findings of Soutis et al. (1993), who reported that the presence of ±45° plies reduces 
the notch sensitivity of compressive specimens through more extensive damage. 
 Note that the trends in the experimental data follow the trends of the notch sensitive 
lines quite well in Figure 5.9. This indicates that the failure trends can be predicted to limited 
accuracy using a simple linear elastic model in Abaqus. There are differences in the actual 
failure strength values because the simple FE model does not account for the effect of 
subcritical damage on strength. This will be incorporated into the model for failure prediction 
in the numerical part of this study, as reported below.  
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5.3.3 Damage and Failure Mechanisms 
 All the lay-ups under investigation exhibited the main features associated with 
Mechanisms A, B and C. However, the extent of damage in each Mechanism as well as the 
regime in which it operated in strongly depended on the lay-up of the specimen. In order to 
simplify comparisons between the damage and failure exhibited by each lay-up, discussions 
on Mechanisms A, B and C have been limited to pure tension (𝜑 = 0°), pure shear (𝜑 = 90°) 
and pure compression (𝜑 = 180°), respectively. Consider each in turn. 
5.3.3.1 Mechanism A 
 Recall that the dominant damage and critical failure mechanisms associated with 
Mechanism A occur in the 0° plies of the laminate as these are the main load-bearing plies 
under remote tensile stress. Figure 5.10 shows X-ray CT-scans of the 0° plies of each lay-up 
at 90% tensile failure load. Two main subcritical damage mechanisms are exhibited in the 0° 
ply orientation for all the lay-ups: 0° splits and 0° fibre tensile fracture. A schematic of these 
two dominant subcritical damage mechanisms is illustrated in Figure 5.11.  
 The 0° splits blunt the notch by redistributing the large stresses that develop ahead of 
the notch tips. This phenomenon delays the onset of ultimate failure caused by the 
catastrophic tensile fracture of the load-bearing 0° fibres. From inspection of Figure 5.10, it is 
clear that the extent of 0° splitting (and of 0° fibre tensile fracture) varies with lay-up. A 
measurement of their lengths as a function of the proportion of 0° plies at 90% tensile failure 
load is plotted in Figure 5.12. The figure shows that the 0° split lengths increase whereas the 
0° fibre crack lengths (fibre tensile fracture) diminish with the proportion of 0° plies. The 
split length is sensitive to the presence of off-axis plies and to the degree of delamination, as 
discussed in Kortschot & Beaumont (1991). 
Despite there being a large difference in 0° split lengths between all the lay-ups under 
investigation, the notch sensitivities of the tensile specimens are almost independent of lay-up 
(see Figure 5.9 (a)). Thus split length alone does not dictate the notch-blunting effect. The 
stable progression of 0° fibre tensile fracture prior to ultimate failure is promoted by the 
increasing presence of ±45° plies in the laminate. Finally, all specimens failed by the 
catastrophic tensile fracture of the 0° fibres, regardless of lay-up. 
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Fig. 5.10. Penetrant-enhanced X-ray CT-scans of the 0° ply orientation at 90% tensile failure load for (a) 
45dom, (b) QI, (c) CP, and (d) 0dom (a/w = 0.25). 
 
Fig. 5.11. Schematic diagram of the 0° splits and 0° fibre tensile fracture in specimens exhibiting Mechanism A. 
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Fig. 5.12. 0° split length (𝑙𝑠) and 0° fibre crack length (𝑙𝑓) as a function of the proportion of 0° plies (at 90% 
failure load). 𝑎 is the notch length. 
5.3.3.2 Mechanism B 
 Recall that the dominant damage and critical failure mechanisms associated with 
Mechanism B occur in the -45° ply orientation. Figure 5.13 shows CT-scans of the -45° plies 
of each lay-up at 90% of the failure load. All laminate lay-ups exhibited stable microbuckle 
growth and splitting at the notch tips in the -45° plies prior to failure; a schematic of these 
damage mechanisms is given in Figure 5.14. 
The direction and extent of the microbuckling that occurs in the -45° plies are 
dependent on lay-up. The 0dom lay-up experiences the growth of two microbuckle bands 
from the notch tips, whereas the QI and 45dom lay-ups only exhibit one microbuckle band 
prior to ultimate failure. Additionally, the lengths of the microbuckles are different in each 
lay-up at the same level of loading, with the 45dom lay-up having the shortest length. These 
differences in the growth of the microbuckles are thought to be due to the differences in 
material orthotropy, which affect the stress fields ahead of the microbuckle, and hence 
subsequently affect its growth. Non-linear calculations of the damage development are 
reported below and reveal these trends. Soutis (1994) asserts that off-axis plies in multi-
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directional laminates can influence microbuckling direction and growth. Considering that 
each lay-up has different adjacent ply orientations to the -45° ply, this could also be a 
potential explanation. Splits in plies adjacent to the -45° ply may play a significant influence 
in guiding the stable progression of the microbuckles (refer to Section 3.3.2.3 of Chapter 3). 
Finally, all specimens failed by the complete microbuckling of the load-bearing -45° plies, 
regardless of lay-up. 
 
Fig. 5.13. Penetrant-enhanced X-ray CT-scans of the -45° ply orientation at 90% shear failure load for (a) 0dom, 
(b) QI, and (c) 45dom (a/w = 0.25). 
 
Fig. 5.14. Schematic diagram of the splits and microbuckling in the -45° plies of specimens exhibiting 
Mechanism B. 
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5.3.3.3 Mechanism C 
 The dominant damage and critical failure mechanism associated with Mechanism C is 
microbuckling of the load-bearing 0° fibres. Figure 5.15 presents the X-ray CT-scans of the 
0° plies of each lay-up at 90% compressive failure load. Each lay-up exhibits subcritical 
microbuckling of the 0° fibres to a different extent. In addition to the microbuckle, 0° splits 
can also be observed, particularly in the 0dom lay-up. This proves their existence as 
suspected in Section 3.4 and as indicated in the literature (Soutis, 1994). Figure 5.16 presents 
a schematic of these damage mechanisms. 
A plot of microbuckle length 𝑙𝑚 and split length 𝑙𝑠 at 90% failure load as a function of 
the proportion of 0° plies is given in Figure 5.17. The 0° split length increases whereas the 
microbuckle length diminishes with the proportion of 0° plies. This behaviour resembles that 
of Mechanism A, recall Figure 5.12. Finally, all specimens failed by the catastrophic 
microbuckling of the load-bearing 0° plies, regardless of lay-up. 
 
Fig. 5.15. Penetrant-enhanced X-ray CT-scans of the 0° ply orientation at 90% compressive failure load for (a) 
45dom, (b) QI, (c) CP, and (d) 0dom (a/w = 0.25). 
 128 
 
 
Fig. 5.16. Schematic diagram of the 0° splits and microbuckling in the 0° plies of specimens exhibiting 
Mechanism C. 
 
Fig. 5.17. 0° split length (𝑙𝑠) and microbuckle length (𝑙𝑚) as a function of the proportion of 0° plies (at 90% 
failure load). 𝑎 is the notch length. 
5.3.3.4 The Effect of Notch Geometry on Damage 
 It was established in Chapter 3 that the extent of subcritical damage in the QI 
specimens was markedly different for the sharp notch and the circular hole specimen 
geometries. Interrupted tests assisted by X-ray CT revealed that the circular hole induced 
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significantly lower levels of damage than the sharp notch for Mechanisms A, B and C in the 
QI specimens. This observation was considered to be the primary reason as to why the QI 
specimens with a central circular hole were slightly weaker than the QI specimens with a 
central sharp notch, despite the sharp notch being a much larger stress-raiser. It was 
concluded that laminates of high notch strength had a greater extent of subcritical damage. 
 Similar interrupted tests were performed in this study on the 0dom and 45dom 
specimens in order to investigate the effect of stress concentration upon subcritical damage. It 
will now be shown that the extent of damage induced by the circular hole prior to ultimate 
failure was not necessarily always lower than that induced by the sharp notch for the 0dom 
and 45dom lay-ups. In numerous cases, the damage was equally extensive in both notch 
geometries at the same level of loading. However, it should be noted that all circular hole 
specimens exhibited the same damage modes as sharp notch specimens when subjected to the 
same mode of loading. 
 X-ray CT-scans revealed equally extensive amounts of damage in both 0dom notch 
geometries for the cases of pure tension (𝜑 = 0°, Mechanism A) and pure shear (𝜑 = 90°, 
Mechanism B). Figure 5.18 shows a comparison of the 0° splits in the sharp notch and 
circular hole 0dom specimens when subjected to pure tension (90% failure load), whereas 
Figure 5.19 presents a comparison of the splits and microbuckling in the -45° plies of the 
sharp notch and circular hole 0dom specimens when subjected to pure shear (90% failure 
load). It is apparent from both figures that the damage induced was very extensive in both 
notch geometries of the 0dom lay-up. This result is thought to be the reason why the strengths 
of both 0dom notch geometries were comparable, and hence why their failure envelopes 
overlapped each other in Figure 5.4. 
X-ray CT-scans of the 45dom specimens revealed a slightly different story. Figure 
5.20 shows a comparison of the 0° ply damage in the sharp notch and circular hole 45dom 
specimens when subjected to pure tension (90% failure load), while Figure 5.21 presents a 
comparison of the -45° ply damage in the sharp notch and circular hole 45dom specimens 
when subjected to pure shear (90% failure load). It is apparent from Figure 5.20 that similar 
amounts of damage were induced in both notch geometries for the case of pure tension 
(𝜑 = 0°, Mechanism A), whereas inspecting Figure 5.21 reveals significantly less splitting in 
the circular hole specimen for the case of pure shear (𝜑 = 90°, Mechanism B). These results 
explain why the 45dom’s net-section strengths for Mechanism A were independent of notch 
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shape, and why the 45dom’s net-section strengths for Mechanism B were higher for the sharp 
notch specimen than the circular hole specimen (refer to Figure 5.5). 
 
Fig. 5.18. A comparison of the 0° splits in the (a) circular hole (a/w = 0.24) and (b) sharp notch (a/w = 0.25) 
0dom specimens loaded to 90% tensile failure load (φ = 0°, Mechanism A). 
 
Fig. 5.19. A comparison of the splits and microbuckling in the -45° plies of the (a) circular hole (a/w = 0.24) and 
(b) sharp notch (a/w = 0.25) 0dom specimens loaded to 90% shear failure load (φ = 90°, Mechanism B). 
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Fig. 5.20. A comparison of the 0° ply damage in the (a) circular hole (a/w = 0.24) and (b) sharp notch (a/w = 
0.25) 45dom specimens loaded to 90% tensile failure load (φ = 0°, Mechanism A). 
 
Fig. 5.21. A comparison of the -45° ply damage in the (a) circular hole (a/w = 0.24) and (b) sharp notch (a/w = 
0.25) 45dom specimens loaded to 90% shear failure load (φ = 90°, Mechanism B). 
Overall, the difference in the amount of damage induced by the sharp notch and 
circular hole strongly depended on the laminate lay-up in question. However, the positive 
correlation between the extent of subcritical damage induced and the failure strength of the 
notched laminate was seen to be consistent within all the lay-ups that were investigated. 
 
5.4 Numerical Results 
 The capabilities of the FE model when applied to the 0dom, 45dom and CP lay-ups 
are assessed in the second part of this study. This was done by evaluating the accuracy of the 
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predictions of the (1) failure envelopes, (2) notched strengths and notch sensitivities, and (3) 
damage and failure mechanisms for each laminate lay-up. All FE simulations were performed 
using the explicit version of Abaqus FEA (version 6.12) and yielded appropriate quasi-static 
solutions (inertial forces were insignificant as the ratio of kinetic energy to internal energy 
was considerably smaller than 1%). Each simulation took an average of 36 hours of CPU 
time to complete. 
5.4.1 Failure Envelopes 
 The FE simulations were run for a time period that was sufficiently long to capture 
the onset of catastrophic failure. Failure was indicated by a large drop in the load and a 
sudden peak in the ratio of kinetic energy to internal energy of the system. The maximum 
loads applied through the dummy node were resolved and converted into net-section strength 
values. These values were used to construct the failure envelopes of the 0dom and 45dom 
laminate specimens in the tensile/compressive-shear stress space.  
Additional failure strength predictions were performed for loading cases that were 
impossible to test experimentally, such as φ equals 5° and 10°, because of the limitations of 
the modified Arcan rig. This was useful for the 0dom lay-up which lacked data points 
between φ equals 0° and 15° (for deducing the regime of Mechanism A) in the 
experimentally-derived failure envelopes. Strength predictions were also performed for the 
combined compression and shear loading cases. This allowed the full failure envelope in both 
the tensile-shear and compressive-shear stress spaces to be constructed. 
Figure 5.22 shows a comparison between the predicted failure envelopes and the 
experimentally-measured strength data for both the sharp notch and circular hole specimens 
with the 0dom lay-up. It is apparent that the model accurately predicts the failure envelopes 
of the 0dom specimens.  
Figure 5.23 presents equivalent data to Figure 5.22 but for the 45dom lay-up. The 
most striking feature about the predicted failure envelopes in Figure 5.23 is that the 
predictions are rather conservative. Additionally, a larger amount of interaction between the 
regimes of Mechanisms A and B is predicted, such that the predicted failure envelopes 
exhibit a much smoother transition from Mechanism A to Mechanism B than observed in the 
experiments.   
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Fig. 5.22. A comparison between the predicted failure envelopes and the experimentally-measured strength data 
for (a) the sharp notch and (b) the circular hole specimens with the 0dom lay-up. 
 
Fig. 5.23. A comparison between the predicted failure envelopes and the experimentally-measured strength data 
for (a) the sharp notch and (b) the circular hole specimens with the 45dom lay-up.  
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It is not immediately clear why the FE model is less accurate for the 45dom 
specimens than the QI and 0dom specimens. However, the general trend of conservativeness 
in the strength predictions for all lay-ups, particularly for the regimes of Mechanisms B and 
C, suggests that the assumed value of 𝑋𝐶  = 500MPa for the longitudinal compressive strength 
parameter of the plies may be an underestimate of the band broadening stress. Also, the FE 
model idealises the constitutive response of the plies and the interfaces. 
5.4.2 Notched Strengths and Notch Sensitivities  
 An assessment of the FE model’s ability to predict the effect of lay-up upon the 
notched strengths of the specimens is presented. Results for pure tension (representing the 
regime of Mechanism A), pure shear (representing the regime of Mechanism B) and pure 
compression (representing the regime of Mechanism C) are discussed. 
 Figure 5.24 shows a comparison between the predicted and measured tensile strengths 
of all the lay-ups as a function of the proportion of 0° plies in the laminate for both notch 
geometries. The results for the sharp notch specimen are presented in Figure 5.24(a) and 
those on the circular hole specimen are in Figure 5.24(b). The FE model accurately predicts 
the positive correlation between the tensile strength of the laminate and the proportion of 0° 
plies. This is unsurprising given the fact that the FE model also predicts the critical failure 
mechanism for all the lay-ups to be fibre tensile failure of the 0° plies. Generally, the model 
predicts the tensile strengths of the specimens with reasonable accuracy. Certain specimens 
are predicted with high precision (e.g. QI and 0dom sharp notch specimens), whereas others 
are predicted with lower precision (e.g. 0dom circular hole specimens). The tensile strengths 
of the 45dom laminate are slightly under-predicted by the model and the tensile strengths of 
the CP laminate are slightly over-predicted. 
Figure 5.25 shows a comparison between the predicted and measured shear strengths 
of all the lay-ups as a function of the proportion of ±45° plies in the laminate for both sharp 
notch and circular hole geometries (Figure 5.25(a) and (b), respectively). It can be seen from 
the figure that the FE model accurately captures the trend in the shear strength as a function 
of lay-up (that is, the shear strength does not scale with the proportion of ±45° plies despite 
the -45° ply orientation being identified as the critical load-bearing ply orientation in shear). 
The predicted shear strengths for the sharp notch specimen are consistently lower than the 
measured shear strengths. This might suggest that the estimated value of 500MPa that was 
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adopted for the longitudinal compressive strength parameter 𝑋𝐶  of the plies is an 
underestimate of the band broadening stress. Why this does not result in the strength being 
consistently under-predicted for the circular hole specimen is not immediately clear. The 
model predicts the shear strengths of the circular hole specimens satisfactorily. 
 
Fig. 5.24. A comparison between the predicted and measured tensile strengths of all the lay-ups as a function of 
the proportion of 0° plies in the laminate (𝜑 = 0°). (a) Sharp notch & (b) circular hole specimens. 
 
Fig. 5.25. A comparison between the predicted and measured shear strengths of all the lay-ups as a function of 
the proportion of ±45° plies in the laminate (𝜑 = 90°). (a) Sharp notch & (b) circular hole specimens. 
Finally, Figure 5.26 shows a comparison between the predicted and measured 
compressive strengths of all the lay-ups as a function of the proportion of 0° plies in the 
laminate. The results for the sharp notch specimen are presented in Figure 5.26(a) and those 
for the circular hole specimen are in Figure 5.26(b). As seen in the figure, the FE model 
consistently under-predicts the compressive strength of the lay-ups for both notch geometries. 
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This further supports the notion that the estimated value of 500MPa is an underestimate of 
the band broadening stress, and hence a higher value should be used for the longitudinal 
compressive strength parameter 𝑋𝐶  of the plies. It can also be observed in the figure that the 
difference in the predicted and measured strengths increases with the proportion of 0° plies. 
This is especially clear for the sharp notch specimen, see Figure 5.26(a).   
 
Fig. 5.26. A comparison between the predicted and measured compressive strengths of all the lay-ups as a 
function of the proportion of 0° plies in the laminate (𝜑 = 180°). (a) Sharp notch & (b) circular hole specimens. 
Overall, the FE model is able to predict the notched strengths of the laminates with 
reasonable accuracy. The trends in the strengths as a function of lay-up are particularly well-
captured. These strength predictions can be converted into notch sensitivity values and 
superimposed onto Figure 5.9 to evaluate the accuracy of the model in predicting the notch 
sensitivities of the specimens: see Figure 5.27. For the case of pure tension/Mechanism A 
(Figure 5.27 (a) & (b)), the notch-insensitive behaviour of all the specimens is generally well-
captured by the model. However, the sharp notch specimens are better predicted than the 
circular hole specimens. Generally, lower notch sensitivities are predicted for the circular 
hole specimens than observed. For the case of pure shear/Mechanism B (Figure 5.27 (c) & 
(d)), the general trend of the notch sensitivity increasing with the proportion of ±45° plies is 
largely captured by the model. As explained before, this result is due to the fact that the 
notched shear strength is almost constant for all lay-ups, whereas the unnotched shear 
strength value, as predicted by laminate plate theory, increases with the proportion of ±45° 
plies. The FE model is able to largely predict this trend, which supports the explanation 
previously put forth to explain this phenomenon: that the change in orthotropy affects the 
stress concentration factor 𝑘𝑇 in the laminate specimen. 
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Fig. 5.27. Notch sensitivity charts as a function of lay-up for (a) pure tension on the sharp notch geometry 
(Mech. A), (b) pure tension on the circular hole geometry (Mech. A), (c) pure shear on the sharp notch geometry 
(Mech. B), (d) pure shear on the circular hole geometry (Mech. B), (e) pure compression on the sharp notch 
geometry (Mech. C), and (f) pure compression on the circular hole geometry (Mech. C). 𝜎𝑁 and 𝜏𝑁 are the 
notched strengths, and 𝜎0 and 𝜏0  are the unnotched strengths of the laminate. 
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Finally, for the case of pure compression/Mechanism C (Figure 5.27 (e) & (f)), the 
trend of the notch sensitivity decreasing with the proportion of ±45° plies is accurately-
predicted by the model. Higher notch sensitivities are consistently predicted than observed 
because the compressive strengths were consistently under-predicted. Overall, as can be seen 
in Figure 5.27, the discrepancies between the predicted and measured notch sensitivities are 
not major. It can thus be concluded that the notch sensitivities of the specimens are generally 
well-predicted by the model.  
5.4.3 Damage and Failure Mechanisms  
 The capabilities of the FE model in simulating the observed subcritical damage in the 
various lay-ups are assessed in this sub-section. As the model has already been shown to 
produce adequate predictions of damage for the QI lay-up (refer to Chapter 4), results relating 
to the other lay-ups (0dom, 45dom and CP) are discussed. As done in the previous sub-
sections, discussions have been limited to the cases of pure tension (to represent the regime of 
Mechanism A), pure shear (to represent the regime of Mechanism B) and pure compression 
(to represent the regime of Mechanism C). Results for the sharp notch configuration only are 
presented. This is because: 
(1) Prior experiments have shown that the modes of damage and failure in a composite 
are not dependent on the type of stress raiser. 
(2) The extent of damage induced by the sharp notch is generally larger than the circular 
hole making the observation of damage and failure easier for the purposes of 
comparison. 
5.4.3.1 Mechanism A 
 Figure 5.28 presents a comparison of the predicted and measured 0° ply damage in the 
various lay-ups at 90% of their respective tensile failure loads. Accurate simulations of 
subcritical damage were obtained for the 45dom and 0dom lay-ups. Referring to Figure 5.28, 
the short 0° splits and significant fibre tensile fracture at the notch tips of the 45dom 
specimens were captured by the FE model with great precision. The model also accurately 
captured the extensive 0° splits in the 0dom laminate. However, the 0° splits in the CP lay-up 
were severely over-predicted by the FE model. Recalling the effect of 0° splitting on tensile 
strength, this result would explain why the tensile strength of the CP lay-up was over-
predicted by the model (see Figure 5.24).  
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Fig. 5.28. A comparison of the predicted and measured 0° ply damage in the 45dom, 0dom and CP lay-ups at 
90% failure load (pure tension, φ = 0°). 
5.4.3.2 Mechanism B 
 Figure 5.29 presents a comparison of the predicted and measured -45° ply damage in 
the 0dom and 45dom lay-ups at 90% of their respective shear failure loads. As shown in the 
figure (and as previously discussed), two microbuckle bands grew from the notch tips in the 
0dom laminate when it was subjected to pure shear loading. The FE model was able to 
simulate this interesting feature with a certain degree of accuracy. In addition to the 
microbuckles, the -45° splits in the 0dom specimens were captured by the model. However, 
the extent of the splitting was slightly under-predicted. This caused a more notch sensitive 
behaviour to be predicted for the 0dom specimen (see Figure 5.27 (c) & (d)). 
In the 45dom lay-up, the microbuckles were well-predicted by the FE model but the 
splits were not. Matrix failure was predicted in the localised regions where -45° splits were 
seen to grow but it did not propagate along the direction of the -45° splits as observed in the 
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experiments. Although the predictions of damage were approximate, they were sufficient to 
at least produce adequate predictions of strength. 
 
Fig. 5.29. A comparison of the predicted and measured -45° ply damage in the 0dom and 45dom lay-ups at 90% 
failure load (pure shear, φ = 90°). 
5.4.3.3 Mechanism C 
 Figure 5.30 presents a comparison of the predicted and measured 0° ply damage in the 
various lay-ups at 90% of their respective compressive failure loads. As illustrated in the 
figure, the FE model accurately captures the varying extents of microbuckling in each 
laminate lay-up. Experiments showed that the 45dom lay-up exhibited the most extensive 
microbuckles of all the lay-ups at 90% failure load, the 0dom lay-up hardly exhibited any 
microbuckling and the CP lay-up exhibited small amounts of microbuckling. A similar result 
for the microbuckle lengths in each lay-up was produced by the FE model. 
There was however one damage mechanism that the model failed to capture in 
Mechanism C: the 0° splits, especially in the 0dom lay-up (see Figure 5.30). This has an 
important implication on the predicted compressive strengths of the specimens. Since the 
model did not capture the 0° splits in compression, it will not capture the notch blunting 
effects provided by the 0° splits either. This would lead to an earlier prediction of failure. It 
was shown in Figure 5.17 that 0° split length increases with increasing proportions of the 0° 
plies. Therefore, it can be inferred from the two points above that the prediction of failure 
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will likely become more premature as the proportion of 0° plies increases. This explains why 
in Figure 5.26 (a), the under-prediction of the compressive strengths become more 
pronounced as the proportion of the 0° plies increases.  
 
Fig. 5.30. A comparison of the predicted and measured 0° ply damage in the 45dom, 0dom and CP lay-ups at 
90% failure load (pure compression, φ = 180°). 
5.4.3.4 Additional Remarks 
The results presented thus far to demonstrate the capabilities of the model in 
predicting damage have been exclusively on the sharp notch configuration only, for reasons 
previously discussed. Results on the circular hole specimens are briefly presented in this sub-
section to further demonstrate the capabilities of the model in predicting damage. Figure 5.31 
shows a comparison between predictions and experiments for three representative example 
cases of subcritical damage induced in circular hole specimens: 
 The 0° ply damage in the 0dom laminate under pure tension (φ equals 0°, Mechanism 
A); 
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 The -45° ply damage in the 45dom laminate under pure shear (φ equals 90°, 
Mechanism B); and 
 The 0° ply damage in the CP laminate under pure compression (φ equals 180°, 
Mechanism C). 
All cases were taken at 90% of their respective failure loads.  
 
Fig. 5.31. A comparison between the predicted and measured damage at 90% failure load in selected circular 
hole specimens. The 0° ply damage is presented for the 0dom laminate (φ = 0°), the -45° ply damage is 
presented for the 45dom laminate (φ = 90°), and the 0° ply damage is presented for the CP laminate (φ = 180°). 
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It is apparent from the figure that (1) the extensive 0° splits in the 0dom laminate 
(Mechanism A), (2) the microbuckles that propagate in the -45° plies of the 45dom laminate 
(Mechanism B), and (3) the microbuckles in the 0° plies of the CP laminate (Mechanism C) 
are all captured with great precision by the model.  
It is concluded that the model predicts the modes of subcritical damage in all 
specimens accurately, and generally captures the extent of each damage mode in most 
configurations adequately. The model also correctly predicts the following critical failure 
mechanisms for all the lay-ups: 
(1) 0° fibre tensile fracture for specimens failing by Mechanism A; 
(2) Microbuckling of the -45° fibres for specimens failing by Mechanism B; and 
(3) Microbuckling of the 0° fibres for specimens failing by Mechanism C. 
 
5.5 Discussion 
All the lay-ups under investigation exhibited the main features associated with 
Mechanisms A, B and C, albeit to different extents. As discussed in Section 3.4 of Chapter 3, 
these features correspond well with the reported damage mechanisms in literature. The intra-
ply splits and 0° fibre fractures in Mechanism A (Figure 5.11) are reported extensively in the 
documentation of composite tensile fracture (Bishop, 1985; Lagace, 1986; Garg, 1986; 
Carlsson et al., 1989; Kortschot & Beaumont, 1990a; Wang et al., 2004; O’Higgins et al., 
2008; Hallett et al., 2009; Scott et al., 2011; Sket et al., 2012; Xu et al., 2014). The splits and 
compressive failure in the -45° plies for Mechanism B (Figure 5.14) correspond with the 
findings of Hollmann (1991a & 1991b) who tested notched laminates in shear. And the 0° 
fibre microbuckling and splits in Mechanism C (Figure 5.16) were observed by Fleck (1997), 
Soutis et al. (1993), Soutis (1994) and Sivashanker et al. (1996) in compressive specimens. 
 The trends in notched strength as a function of lay-up for Mechanisms A, B and C 
also correspond well with available literature. Eriksson & Aronsson (1990) reported that 
under pure tension, specimens with a larger proportion of 0° plies tended to exhibit higher 
tensile strengths, lower notch sensitivities and more extensive damage. These trends are seen 
in the results measured for Mechanism A: Figure 5.6 clearly shows that the tensile strength 
scales with the proportion of 0° plies; Figure 5.9 (a) & (b) show that the notch sensitivity of 
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tensile specimens decreases slightly with the proportion of 0° plies; and Figure 5.12 shows 
that 0° split length increases with the proportion of 0° plies. Kortschot & Beaumont (1990a) 
claimed that in notched tensile specimens, high strength is always associated with the 
presence of long 0° splits, regardless of layup, notch length or specimen width. Our results 
support this claim insofar as laminates with higher proportions of 0° plies have longer 0° 
splits prior to failure (Figure 5.12) and fail at higher stresses (Figure 5.6). However, this is 
not to suggest that longer splits necessarily provide more notch-blunting effects. A better way 
of representing the data to assess notch-blunting effects is through the notch sensitivity of the 
specimens. In this study, we found that the notch sensitivities of tensile specimens were 
almost independent of lay-up (see Figure 5.9 (a) & (b)) despite there being a large difference 
in 0° split lengths across all the lay-ups investigated (see Figure 5.12). This demonstrates that 
split length alone does not dictate the notch-blunting effects and that it would be inaccurate to 
compare split lengths between lay-ups to assess the degree of notch-blunting. 
 Results from our study show that shear failure stress for Mechanism B does not scale 
with the proportion of ±45° plies, see Figure 5.8. This is seemingly at odds with Hollmann 
(1991a) and Zhou et al. (1995), who claim that the shear strength increases with the amount 
of ±45° plies. However, Hollmann (1991a) asserted that it is the unnotched shear strength that 
is strongly influenced by the amount of ±45° plies (this is in accordance with our results). 
Separately, Zhou et al. (1995) compared the notched shear strengths of unidirectional, cross-
ply and quasi-isotropic lay-ups to conclude that the in-plane shear strength increases with the 
number of ±45° fibres. This is insufficient as two of the above three lay-ups do not even 
contain ±45° plies and hence a trend of how shear strength varies with the number of ±45° 
plies cannot be drawn. Additionally, it was shown that because the cross-ply lay-up did not 
contain ±45° fibres, it failed differently from the other lay-ups that did. The mechanism of 
failure for the cross-ply lay-up was likely a combination of splits and delamination leading to 
gradual load drops at failure (see Figure 5.1), whereas the other lay-ups containing ±45° plies 
failed by microbuckling of the -45° plies which resulted in a catastrophic load drop at failure. 
Hence, it would be unfair to compare the cross-ply lay-up with the quasi-isotropic lay-up. 
 For the case of pure compression (Mechanism C), the specimens become less notch 
sensitive as the proportion of ±45° plies increases. Soutis et al. (1993) reported that the 
presence of ±45° plies reduces the notch sensitivity of compressive specimens through more 
extensive damage. Figure 5.32 compares our notch sensitivity data for the circular hole 
specimens (𝑎/𝑤 = 0.24) with the results from Soutis et al. (1993) for open hole specimens 
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with a similar aspect ratio (𝑎/𝑤 = 0.2). Good correlation can be seen for the notch sensitivity 
values. The general trend of decreasing notch sensitivity with the proportion of ±45° plies is 
observed. 
 
Fig. 5.32. A comparison between the notch sensitivity data for the circular hole specimens (a/w = 0.24) under 
compression with the results from Soutis et al. (1993) for open hole compressive specimens with a similar 
aspect ratio (a/w = 0.2). 
Lay-up affects notched strength and notch sensitivity through its effect on damage 
growth (Kortschot & Beaumont, 1990a). It is seen throughout this chapter that regardless of 
lay-up, large extents of subcritical damage are always accompanied by high failure stresses. 
This axiom explains the trends in the failure envelopes, such as the curved profile of the 
regime of Mechanism B for all circular hole specimens (refer to Section 3.3.3), the 
overlapping of failure envelopes for both sharp notch and circular hole 0dom specimens 
(refer to Section 5.3.3.4), and why for the 45dom lay-up, the regimes of Mechanism A for 
both notch geometries overlap whereas the regimes of Mechanism B do not (also refer to 
Section 5.3.3.4). The effect of damage on strength also explains why in general, the strengths 
of the sharp notch specimens are either slightly higher than or comparable to the strengths of 
the circular hole specimens for all lay-ups. As discussed in Section 3.4, this counter-intuitive 
result is not uncommon in the literature for tensile specimens (Lagace, 1986; Carlsson et al., 
1989; Eriksson & Aronsson, 1990; Xu et al., 2014) and for shear specimens (Hollmann, 
1991a). 
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Reasons for the discrepancies between our simulations and experiments have already 
been discussed at the end of Section 4.4. It is proposed that the predictions can probably be 
improved by utilising a larger value for the band-broadening stress (for 𝑋𝐶). This is because 
the model currently under-predicts the shear strength for Mechanism B (see Figure 5.25(a)) 
and the compressive strength for Mechanism C (see Figure 5.26). Additionally, perhaps two 
different values can be separately inputted as 𝑋𝐶  for the sharp notch and circular hole 
specimens because the peak stress in the initiation and propagation of microbuckles differs 
with the severity of the imperfection introduced into the specimen. It is not necessarily equal 
to the band broadening stress for both geometries (refer to Figure 4.6). Besides that, a 
constitutive law that is more representative of the true strain softening response could be 
measured and modelled instead of employing the idealised constitutive response with linear 
material softening.  
 Finally, throughout this chapter, the effects of lay-up upon Mechanisms A, B and C 
have been discussed using representative load cases (for the purposes of simplicity): pure 
tension (𝜑 = 0°) for Mechanism A, pure shear (𝜑 = 90°) for Mechanism B and pure 
compression (𝜑 = 180°) for Mechanism C. It was shown in Section 5.3.1 that specimens 
under combined tension and shear (0° < 𝜑 < 90°) exhibit either Mechanism A or B 
depending on the loading angle φ. As such, it is implicitly suggested in our analysis that 
specimens under combined tension and shear show little sensitivity in their fracture modes to 
the loading angle φ within the regime of either Mechanism A or B. To substantiate this 
notion, see Figure 5.33. Figure 5.33 presents photographs of fully-fractured specimens for all 
the lay-ups tested in a tensile-shear stress space using the modified Arcan rig. Some 
specimens were spray-painted to create speckle patterns for DIC analysis. The cells 
highlighted in red indicate the failed specimens at 𝜑𝑡, the angle at which Mechanism A 
transitions to Mechanism B. As discussed in Section 5.3.1 and as reflected in the failure 
envelopes of Figures 5.2 and 5.3, 𝜑𝑡 is 15° for the 0dom lay-up, 30° for the QI lay-up and 45° 
for the 45dom lay-up. To the left of the red cell are specimens failing by Mechanism A, and 
to the right of the red cell are specimens failing by Mechanism B. As can be seen in Figure 
5.33, there are two very distinct forms of failure for each lay-up: the specimens to the left of 
the red cell (Mechanism A) look very different to those to the right (Mechanism B). 
Additionally, specimens on either side of the red cell look uniformly similar to each other. 
These photographs along with the failure envelope shapes suggest that specimens under 
combined tension and shear chiefly fail in the same way within the regime of either 
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Mechanism A or Mechanism B. Hence, presenting the results for Mechanisms A, B and C 
through representative cases is acceptable. 
 
Fig. 5.33. Photographs of fully-fractured specimens loaded in combined tension and shear. The red 
cells indicate the failed specimen at 𝜑𝑡, the angle at which Mechanism A transitions to Mechanism B. 
 
5.6 Conclusions 
 The effect of laminate lay-up upon the notched fracture behaviour of CFRP was 
investigated in this chapter by varying the proportions of the 0° plies and ±45° plies in the 
specimens. Three laminate lay-ups were tested under multi-axial loading to augment the 
results in Chapters 3 & 4 for the QI lay-up: a 0° ply-dominated lay-up (0dom), a ±45° ply-
dominated lay-up (45dom) and a cross-ply lay-up (CP). The investigations were split into two 
parts. The first phase involved employing the experimental programme developed in Chapter 
3 to investigate the effects of laminate lay-up upon the multi-axial fracture behaviour of the 
CFRP specimens. The second phase comprised efforts to assess the adequacy of the FE 
strategy developed in Chapter 4 when used to predict the notched fracture behaviour of the 
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new multi-directional lay-ups. Both the sharp notch and circular hole specimen geometries 
were examined. 
 Experiments revealed that Mechanisms A, B and C which were previously observed 
in the quasi-isotropic lay-up (QI) were also observed in the various other lay-ups. However, 
the extent of damage in each Mechanism as well as the regime in which each Mechanism 
operated in in the failure envelopes strongly depended on the lay-up of the specimen. This led 
to results such as the angle 𝜑𝑡 at which Mechanism A transitions to Mechanism B being 
different for each lay-up. 
The net-section tensile strengths and compressive strengths increased with the 
proportion of 0° plies. However, the net-section shear strengths did not scale with the 
proportion of ±45° plies, despite the -45° ply orientation being identified as the critical load-
bearing ply orientation when shear stresses are significant (Mechanism B). The effect of 
material orthotropy on the peak stresses induced in the -45° plies is thought to be the reason 
for this. 
Experiments showed it insufficient to compare 0° split lengths between laminate lay-
ups to assess the notch-blunting effects provided by the splits. This was because the notch 
sensitivities of the tensile specimens were almost independent of lay-up despite there being 
such a large difference in the 0° split lengths between all lay-ups investigated. Unlike in the 
case of QI, the extent of damage induced by the circular hole prior to ultimate failure was not 
necessarily always lower than that induced by the sharp notch for the 0dom and 45dom lay-
ups. In numerous cases, the damage was equally extensive in both notch geometries at the 
same level of loading. Nevertheless, high levels of subcritical damage corresponded with 
high notched strengths for a particular lay-up.  
 The FE model adequately predicted the failure envelopes and the notched strengths of 
the laminate lay-ups. The trends in the strengths as a function of lay-up were particularly 
well-captured. The subcritical damage and critical failure mechanisms for most of the loading 
configurations and for both notch geometries were also predicted with reasonable accuracy. 
Numerical results such as the general trend of conservativeness in the strength predictions 
suggested that the estimated value of 500MPa that was inputted for the longitudinal 
compressive strength parameter 𝑋𝐶  of the plies was likely an underestimate of the band 
broadening stress.    
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Chapter 6 
CONCLUSIONS 
In this chapter, the conclusions reached in Chapters 3 to 5 are summarised. The first 
set of conclusions pertains to the experimental investigations of the notched fracture 
behaviour of quasi-isotropic (QI) CFRP laminates under multi-axial loading (Chapter 3). The 
second set relates to the finite element modelling of the notched QI CFRP laminates under 
multi-axial loading (Chapter 4). The final set of conclusions concerns the effect of laminate 
lay-up upon the multi-axial fracture behaviour of notched CFRP laminates (Chapter 5). This 
chapter ends with suggestions for future work. 
 
6.1 Experimental Investigations of QI 
 1. A novel loading fixture termed the ‘modified Arcan rig’ has been developed. 
Adapted from the popular Arcan’s method, it utilises friction gripping to subject centre-
notched multi-directional CFRP specimens to a variety of in-plane loading modes (i.e. pure 
tension, pure compression, in-plane shear, and combined tension and shear).  
 2. Three distinct fracture sequences are observed in the tensile/compressive-shear 
stress space: Mechanisms A, B and C. Mechanism A is exhibited when tensile stresses are 
significant and shear stresses are relatively low, whereas Mechanism B is induced at larger 
values of shear stress. Mechanism C occurs when the specimens are loaded in compression. 
For Mechanism A, extensive intra-ply splits and limited delamination are apparent before 
final catastrophic tensile failure of the load-bearing 0° fibres. Mechanism B exhibits intra-ply 
splitting, delamination and plastic microbuckling of the -45° fibres prior to ultimate 
compressive failure of the -45° plies. And Mechanism C occurs by the development of short 
microbuckles in the 0° plies before final catastrophic failure of the load-bearing 0° fibres in 
compression. 
 3. QI specimens with a central sharp notch are consistently stronger than equivalent 
specimens with a central circular hole (for all stress states investigated). The effect of damage 
on notched strength explains this surprising result. The sharp notch induces greater amounts 
of subcritical damage than the circular hole. This greatly relieves the initial stress 
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concentration provided by the sharp notch to the point that the net-section strengths are 
increased beyond the strengths of the circular hole specimens.  
 
6.2 FE Modelling of QI 
 1. A mesh insensitive FE strategy has been developed in Abaqus FEA, whereby the 
Abaqus in-built progressive damage model is employed to simulate the damage and failure in 
the plies of the laminate, and the Abaqus in-built traction-separation model is used to model 
the cohesive interfaces between the plies. Only experimentally-measured values of the input 
parameters are used, and the role of the band broadening stress as the longitudinal 
compressive strength parameter 𝑋𝐶  of the plies is emphasised. Reasonably good correlation is 
obtained between the simulations and the experiments with regards to the specimen strengths, 
failure envelopes, subcritical damage evolution and critical failure mechanisms. This 
validates the simple FE strategy as a reliable predictive tool for the multi-axial fracture 
behaviour of notched QI laminates. 
 2. Plastic microbuckling of the 0° plies is predicted by the model to be the critical 
failure mechanism for the entire compression-shear regime. The axial compressive strengths 
of the specimens are also predicted to decrease with increasing applied shear stress. This 
agrees with the literature. 
 
6.3 Lay-up Effects 
 1. Mechanisms A, B and C are exhibited by all laminate lay-ups investigated. 
However, the extent of damage in each Mechanism and the regimes in which they operate in 
(in the failure envelope) strongly depend on lay-up. As expected, the net-section tensile 
strengths and compressive strengths increase with the proportion of 0° plies. The net-section 
shear strengths on the other hand, do not scale with the proportion of ±45° plies, despite the 
off-axis -45° plies being identified as the critical load-bearing ply orientation when shear 
stresses are significant (Mechanism B). The effect of material orthotropy on the peak stresses 
induced in the -45° plies are attributed as reasons for this result. The angle 𝜑𝑡 at which 
Mechanism A transitions to Mechanism B reduces with increasing proportions of 0° plies. 
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 2. Although longer splits generally give larger stress relaxations and hence higher 
strengths, it would be inaccurate to compare 0° split lengths between laminate lay-ups to 
assess the notch-blunting effects provided by the splits. Notch sensitivities of tensile 
specimens appear to be almost independent of lay-up despite there being a large difference in 
the 0° split lengths between all the lay-ups. 
 3. In contrast to the case of QI, the extent of damage induced by the circular hole prior 
to ultimate failure is not necessarily always lower than that induced by the sharp notch for the 
0dom and 45dom lay-ups. In numerous cases, the damage is equally extensive in both notch 
geometries at the same level of loading. Nevertheless, the level of subcritical damage is 
always reflected in the failure strengths of the notched specimens for a particular lay-up (i.e. 
higher subcritical damage is seen in specimens that have higher failure strengths). 
 4. The FE model adequately predicts the multi-axial fracture behaviour of the various 
laminate lay-ups investigated. The trends in strength as a function of lay-up are well-
captured. However, the general trend of conservativeness in the shear and compressive 
strength predictions suggests that the estimated value of 500MPa that is inputted for the 
longitudinal compressive strength parameter 𝑋𝐶  of the plies is likely an underestimate of the 
band broadening stress. 
 
6.4 Future Work 
 Future work on the multi-axial fracture behaviour of notched multi-directional CFRP 
laminates should concern: 
(i) Improving the accuracy of the FE predictions. Below are several suggestions for 
achieving this: 
 Measure the band broadening stress experimentally (using strain gauges on 
notched unidirectional specimens) and input that value for 𝑋𝐶  of the plies, 
instead of the estimated value of 500MPa. 
 Vary the input value of 𝑋𝐶  numerically to find a value that optimises the 
solutions. 
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 Use different input values for 𝑋𝐶  for the sharp notch and circular hole 
specimen geometries. Recall that the true value of the peak stress in the 
initiation and propagation of microbuckles differs with the severity of the 
imperfection introduced into the specimen (refer to Figure 4.6). 
 Experimentally measure the strain softening response of the specimens as 
done by Zobeiry et al. (2014) and implement the response through an Abaqus 
user subroutine (i.e. replace the current constitutive law that applies linear 
material softening with a more realistic constitutive response). 
(ii) Experimentally investigating the fracture behaviour of the various laminate lay-ups 
under combined compression and shear loading (to compare with the FE model’s 
predictions). Adjustments to the modified Arcan rig assembly should enable testing of 
this kind. 
(iii) Repeating the entire analysis on 3D woven CFRP laminates to evaluate the role of 
delamination on the multi-axial fracture behaviour of notched composites. 
(iv) Investigating size effects in the same way that Xu et al. (2014) did for tensile loading, 
but for multi-axial loading; and modifying the FE model developed in this work to 
incorporate any size effects that might be observed. 
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